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Abstract
A primary emulsion with whey protein isolate (WPI) and hexanoic acid was
prepared, and chitosan (Ch) (0.01%, 0.02%, and 0.03%) was added to evaluate its impact
on particle size distribution of the emulsion. NaCl (0, 20, 40, and 80 mM) was added to
increase ionic interactions to stabilize the multilayer emulsion. Lecithin (0.5%, 1%, 2%, 3
%, w/v) was mixed with the primary emulsion in order to form a multilayer, and casein
hydrolysate (CH) was used to stabilize the tertiary emulsion system without the use of
NaCl for 28 d at 4 °C.
Stable O/W nanoemulsions were generated for use as nano-vesicular vehicles
(NVV) to carry Curcumin (CU). Two important variables, (1) addition of casein
hydrolysate (CH) (1:50, w/w WPI) and, (2) use of high pressure (140 and 210 MPa),
were studied for their effect on the stabilization of monodispersed NVV and persistence
of antioxidant activity of the CU as cargo in the NVV throughout storage. Addition of
CH reduced nano-particle size and increased emulsion stability with UHPH pressure. The
nanoparticle distribution was not changed by the addition of CU. Addition of casein

hydrolysate reduced particle size as well as enhanced the positive functional properties of
the NVV. Similar trends were observed in zeta-potential, surface energy, contact angle
and antioxidant efficacy of the NVV, both with and without CU when UHPH was
applied.
The effect of Ultraviolet (UV) radiation (254 nm) on the stability of O/W
nanoemulsion systems was investigated. A nano vesicular vehicle (NVV) was generated
using ultra-high pressure homogenization (UHPH) that was stabilized using whey protein
isolate (WPI) (1%, w/v), Tween 20 (20% w/w WPI) and casein hydrolysate (CH) (1:50 of
WPI, w/w). Coarse emulsions were prepared by blending for three min. The coarse
emulsion was exposed to UV radiation (0-60 min), followed by a single-pass of UHPH at
140 and 210 MPa. The UHPH treated NVV-CU had greater (P<0.05) short and long term
antioxidant properties. After 28 d of storage, the CU-NVV treated at 210 MPa retained
7.0 and 1.4% greater AA and AP, respectively, when compared to the unpressurized CUNVV.
Keywords: Whey Protein, Casein hydrolysate, Tween 20, Ultra High Pressure
Homogenization, UV radiation
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CHAPTER I
INTRODUCTION
The International Food Information Council (IFIC) defines functional foods as
“foods that provide health benefits beyond basic nutrition” (Shibamoto et al., 2008;
Vaclavik and Christian, 2008). The market of functional foods exhibited an annual
growth rate of 5.7% between 2007 and 2016. The global sales were 258.8 billion US
dollars as of 2016 and was projected to reach 377.8 billion dollars per year by 2020
(http:/www.foodsciencecentral.com). Consumption of some synthetic food additives
(butylated hydroxy tolune, butylated hydroxy anisole, artific ial coloring and flavoring
agents) have been correlated with unfavorable heath issues such as obesity and increased
risk of colorectal cancer (Bouayed and Torsten 2012). The process of oxidative
degradation results in the production of reactive oxygen species (ROS) in the human
body, with potentially detrimental effects (premature aging, degenative disorders etc.)
(Boudet et al., 2007). Addition of natural antioxidants (such as carotenoid, curcumin,
polyphenols, etc.) can quench free radicals, such as ROS, with no potential health hazard
to the consumers (Kiokias & Gordon, 2004; Mao et al., 2009). Research has been
conducted on the beneficial properties of natural antioxidant encapsulation methods, with
the objective of introducing functional bio-additives into foods (Fang & Bhandari, 2010).
Development of emulsion based systems using food grade or generally recognized as safe
(GRAS) materials that quench free radicals can enhance the nutritional properties of
1

health drinks, ice cream, salad dressing, and other food products (McClements et al.,
2007). For example, antimicrobial components have been encapsulated to enhance their
effectiveness at controlling biofilms (Zodrow et al., 2012).
Water soluble bioactive components can effectively be delivered in emulsion
systems (McClements et al., 2007). However, water insoluble or sparingly soluble lipid
bioactive components are not easily incorporated into emulsion systems (Lu et al., 2016).
Encapsulation of bioactive components and the introduction of these components in food
products is necessary since sedimentation hinders their use in product development.
Bioactive hydrophobic components, such as oil soluble vitamins and
nutraceuticals (carotenoid, anthocyanin, curcumin, omega-3 fatty acids, flavonoids and
coenzyme Q10) are often ingested in the human diet (Aluko, 2012; Huang et al., 2010; Li
& McClements, 2010). Bioactive components can be consumed in natural foods or
designed excipient foods (McClements & Xiao, 2014). Different physiochemical and
physiological factors are involved in the successful delivery of bioactive components in
fabricated food. However, oil and/or water solubility are essential for their incorporation
in food products. Other important factors include bioaccessibility, absorption and
transformation. For a particular bioactive agent, the factor that limits bioavailability must
be identified to develop an effective delivery system with improved bioavailability
(McClements & Xiao, 2014). Natural foods are not available throughout the year.
Therefore, bioactive components are isolated and often incorporated into colloidal
delivery systems so that they are stable when they are introduced into food matrices.
Numerous types of delivery systems are available to encapsulate insoluble or sparingly

2

soluble bioactive ingredients, such as microemulsions, nanoemulsions, liposomes, and
microgels (McClements, 2015a).
The functional properties of bioactive components can be improved by protein
and phenolic compound interactions. For example, complexing whey protein and
phenolic compounds can increase the emulsifying capacity in an emulsion delivery
system (Wang et al., 2014). This complex has foaming ability due to whey protein and
the anti-inflammatory properties of polyphenols within the encapsulation system
(Schneider et al., 2016). These conjugates also protect other bioactive components that
are present in the same delivery system (Yi et al., 2015).
Curcumin has been used therapeutically for anorexia, biliary complaints, coughs,
and sinusitis (Eigner and Scholz, 1999). In vivo and in vitro studies revealed that
curcumin has antibacterial, anti-proliferative, antioxidant and anticarcinogenic properties
(Chin et al., 2013; Chin et al., 2014; Reddy et al., 2014, Aggarwal et al., 2013). Other
biological activities include wound healing, antiviral, hepato-protective and anti-HIV
(Akbik et al., 2014; Prasad et al., 2014; Sun et al., 2012). Clinical trials have established
that the consumption of 0.9 g of curcumin per day does not have any negative side
effects. Curcumin has been characterized as safe by the United States Food and Drug
Administration (FDA) and the Natural Health Product Directorate of Canada. The United
States imports 2400 metric tons of turmeric per year (Sharma et al., 2005). However,
consumption of curcumin in the US diet is limited due to undesirable flavor
characteristics (Silva et al., 2005).
The encapsulation of a bioactive component with an undesirable taste or flavor
has to be delivered so that it does not alter the desired taste of the food. Undesirable tastes
3

can be masked using components that change their taste but not their bioactivity.
Curcumin is used as a condiment in Indian cuisine, but the color and taste is not
acceptable in the United States and other western countries (Rahaie et al., 2014). Whey
protein is a complex mixture of four proteins, which include β-lactoglobulin (55%), αlactalbumin (24%), serum albumin (5%) and immunoglobulin (15%) (Laleye, 2008) that
can potentially be used to mask the undesirable sensory properties of curcumin. βlactoglobulin is the most prevalent protein in whey so it determines the functional
properties of whey protein stabilized emulsions. Whey protein stabilized emulsions
flocculate at pH values near 4.0-5.5, which is close to their isoelectric point (pI 5.0), at
higher concentrations (above 2%) and upon heating above the thermal denaturation
temperature (<67-850 C) of the protein in the presence of salt ions (McClements, 2005).
Preferential absorption, competitive displacements and interaction with other types of
emulsifiers have been studied since these properties alter the interfacial composition,
which affects emulsion stability and performance (Pugnaloni et al., 2004, Dickenson,
2011). Emulsions that are stabilized with caseinates become unstable due to droplet
flocculation at pH values of 3.5 to 5.5, which is close to the protein’s isoelectric point (>
pI 5.6), and at high ionic strength (Hunt & Dalgeish, 1995, Agboola et al, 1996).
Caseinate-stabilized emulsions are more stable to heating than whey protein-stabilized
emulsions. This is likely due to the lack of cysteine residues and the high percentage of
random coil secondary structure that causes casein molecules to be flexible and resistant
to heat denaturation. A sufficiently high concentration (4-6%) of non-adsorbed caseinate
can cause emulsion instability through flocculation (Dickenson & Golding, 1997).

4

The objective of this study was to develop delivery systems to protect and
enhance the antioxidant capacity of the bioactive substance, curcumin. Four approaches
were taken to accomplish this objective: 1) A multilayered emulsion system was
evaluated for its efficacy at delivering curcumin 2) A stable nanoemulsion system was
developed to deliver curcumin; 3) The antioxidant activity and antioxidant persistence
was evaluated in the nanoemulsion that contained curcumin. 4) The effect of UV
radiation was evaluated for its effect on the antioxidant activity of curcumin and the
stability of the nanoemulsion system.

5

CHAPTER II
LITERATURE REVIEW
2.1

Emulsion-based Delivery System
An emulsion is “two immiscible liquids in which droplets of one phase (the

dispersed or internal phase) are encapsulated within sheets of another phase (the
continuous or external phase)” (Friberg et al., 2003). Emulsion-based delivery systems
are designed to improve oral bio-availability, increase antioxidant capacity, and enhance
absorption or transformation (McClements, 2007). In addition, these delivery systems
must be economical and suitable for introduction into food products without altering their
sensory properties. Composition and structure of multilayer (layer-by-layer) emulsionbased delivery systems (EDS) and emulsion-based excipient systems (EES) can be
designed to increase emulsifying capacity, enhance shelf-life, and improve antioxidant
capacity and persistence (Zhang et al., 2017).
2.1.1

Fabrication
Oil-in-water conventional emulsions (d>100 nm) and nanoemulsions (d<100nm)

are composed of emulsifier-coated droplets that are dispersed in a water phase
(McClements, 2015a). These two emulsion-based systems are thermodynamically fragile
with suspended oil droplets that are hydrophobic within an aqueous medium
(McClements, 2015a). The size difference between the two classifications of emulsions
leads to differences in their physiochemical properties. Emulsions can be prepared using
6

high energy (HE) and low energy (LE) methods (Yang et al., 2012). Mechanical devices
generate disruptive forces to mix two dispersed phases and break large oil droplets into
smaller particles (Abbas et al., 2013). Several instruments can be used to create high
pressure that disrupt the droplets, including high-shear mixers, colloid mills, high
pressure homogenizers, microfluidizers, sonicators, and membrane homogenizers
(Einhorn-Stoll et al., 2002). Spontaneous emulsification occurs when small oil droplets
with a specific surfactant-oil-water formulation have a concentration and/or ambiance
that is changed to a certain pattern (Forgiarini et al., 2001; Komaiko & McClements,
2015; Sadurní et al., 2005; Solans & Solé, 2012). The three most widely studied low
energy methods for emulsion formulation are spontaneous emulsification, emulsion
inversion point, and phase inversion (Komaiko & McClements, 2014; Saberi et al.,
2013). HE methods can be applied to a greater variety of formulations with different oils
and emulsifiers. Small droplets can be produced at a relatively low oil to emulsifier ratio.
High energy can be used to make emulsions with proteins, polysaccharides,
phospholipids and surfactants, but specialized mechanical equipment and equipment
maintenance, which increases product cost are required to produce high energy
emulsions(Komaiko & McClements, 2015). The functional properties of an emulsion
system can be manipulated by changing the composition and structure of that emulsion
(McClements, 2015a).
2.1.2

Concentration of oil based droplets
The oil to water ratio in emulsions determines the concentration of oil droplets in

an emulsion. The concentration can vary in different product formulations and fabrication
methods (McClements, 2015a). The oil concentration within the emulsion affects the
7

bioavailability of hydrophobic bioactives, oil and water phase separation, solubilization
in mixed micelles and cell membrane permeability (McClements, 2015a). Generally, the
oil to water ratio ranges from 0.1 to 50%, depending on the formulation method that is
used (McClements 2015a).
2.1.3

Droplet distribution
Particle size or droplet size can be affected by changing the emulsion ingredients

and/or the formulation and homogenizing conditions (McClements and Rao, 2011).
Particle size influences the physiological and sensory parameters such as appearance,
mouthfeel, texture, emulsion stability, and bioavailability of bioactives in the intestines
(Mason et al., 2006, Salvia-Truijilo et al., 2013). Reducing droplet size increases the
surface area of the particles and the exposed area of the oil to the lipase that is present in
the gastrointestical tract, which eventually enhances lipid digestibility and the release of
bioactives that are present in the emulsion (Salvia-Trujilo et al., 2013). The size of the
droplet is important with respect to digestibility. Therefore, it is important to have a
stable emulsion system in which the particle size remains small and consistent.
2.1.4

Oil droplet composition
The physiochemical properties of oil droplets in an emulsion can be influenced by

the addition of different types of hydrophobic substances, including triacylglycerol oils,
essential oils, minerals, waxes and antioxidants (Ozturk et al., 2015; Xu et al., 2013;
Zhang et al., 2015). The molecular characteristics of lipids, such as carbon number, chain
length, degree of unsaturation, and position of fatty acids in the tryglycerol impact
emulsion stability during formulation. Lipid digestibility inside the intestine is
8

determined by the release of free fatty acids and monoacylglycerols, which increases the
solubility of the mixed micellial phase inside the digestive tract. Hydrophobic bioactives
should be within these large hydrophobic components so that they are completely
solubilized within the gastrointestinal tract (GIT) fluids. The digestibility of an emulsion
in the GIT is determined mainly by the structural organization of the droplet within the
emulsion system (Golding et al., 2013; Golding et al., 2011). Lipid droplets are either
freely dispersed, clustered together to form flocs, or embedded inside carrier protein or
starch molecules (McClements, 2015b). The carrier molecules may inhibit the release of
selective components and/or the digestion of lipid droplets in different regions of the
GIT. This is because the pH range of each region leads to structural modifications of the
particles, which impacts the release of active compounds. The solubility and release
capacity of bioactive substances may be increased or decreased inside the GIT (Day et
al., 2014; Wooster et al., 2014). Transformation of droplets into clusters inside the small
intestine decreases lipid digestion due to the inaccessibility of lipase to the oil droplet
surface.
2.1.5

Interfacial properties
In oil-in-water emulsions, oil droplets are generally coated by an interfacial layer

that is formed by an emulsifier. The characteristics of this interfacial layer are dependent
on the composition, structure, thickness, reactivity and charge of the emulsifier.
Electrostatic deposition also contributes to the properties of the interfacial layer
(McClements and Rao, 2011). Emulsion and oil droplet stability depends solely on the
composition of the interfacial layer since this determines its stability inside the digestive
system. This is because the nature of each droplet with respect to whether they are stable,
9

coated or flocculated alters whether the surface of oil droplets are exposed to the
digestive system (Golding and Wooster, 2010; Golding et al., 2011).
2.1.6

Aqueous phase composition
Water soluble bioactives, such as chelating agents, antioxidants, surfactants,

minerals, and biopolymers can be delivered in the water or aqueous phase of an emulsion.
These hydrophilic components may influence the absorption, bioavailability, and
transformation of hydrophobic bioactives (McClements and Xiao, 2014). Addition of
hydrophobic components in emulsion systems may interfere with the bio-availability of
the water soluble bioactives. For example, antioxidants can be added to inhibit lipid
oxidation within the GIT (Martinez et al., 2014), and some specific permeable substances
can be added to enhance the absorption of bioactives (Wang et al., 2013).
2.1.7

Bioaccessibility
Emulsion-based systems are used to deliver bioactives to facilitate their dispersion

and increase their solubility in the GIT fluid. Hydrophobic bioactives can be incorporated
into the lipid phase of an emulsion, which is made of lipid droplets (Degrou et al., 2013,
Liu et al., 2015a). Various approaches have been taken to incorporate bioactives into the
lipid phase of an emulsion. These include adding the oil phase prior to homogenization or
transferring the bioactive compounds to the lipid phase after initial mixing with the food
component. By use of the latter approach, oil droplets are able to carry hydophobic
bioactives to the GIT and reach the targeted position where it can be digested to facilitate
the release of the bioactives. The oil droplets are first digested by lipase, which generates
free fatty acids and monoacylglycerols, which then react with phospholipids, bile salts,
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and chlolesterol to form mixed micelles (Devraj et al., 2013). The mixed micelle phase is
an integrated colloidal dispersion with different types of colloidal particles, including
vesicles, micelles, and liquid crystals (Yao et al., 2013). Hydrophobic bioactive
components are better solubilized by mixed micelles (micelles, vesicles, or liquid
crystals) that contain non-polar domains that are capable of interacting with hydrophobic
molecules (Yao et al., 2014). Hydrophobic cores are formed by a surfactant(s) in mixed
micelles and hydrophobic bi-layers in vesicles (Yao et al., 2014). Non-polar domains of
the colloidal particles can solubilize hydrophobic bioactive components, and minute
micelles can transport bioactives through the mucus layer of the epithelial cells so that it
is absorbed in the Gastro Intestinal Tract (GIT). The overall bioavailability of the
emulsion to deliver hydrophobic bioactives is determined by the concentration, size,
composition, and interfacial characteristics of oil droplets.
2.2

Application of Multilayered Emulsion System
The layer-by-layer electrostatic deposition process can be used to formulate

emulsion systems with charged biopolymers and oppositely charged particles between
droplets. In this process, a primary emulsion is prepared by conventional homogenization
and the electrostatic deposition of layers are carried out by adsorbing consecutive layers
of polymers (Guzey and McClements, 2006). The selection of biopolymers and
preparatory conditions determines the successful deposition of layers and the stability of
the emulsion system in adverse environmental conditions. This method can be used to
deliver biopolymers in a protective and controlled manner (Guzey et al., 2004). Lipidprotein bilayer emulsions are fabricated by co-adsorption of the bilayer with two
immiscible phases (dispersed oil and continuous aqueous phases). For example, a
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chloroform- in-water bilayered emulsion can be created using serum albumin and
dimyristoylphosphatidic acid (Li et al., 2005). Electrostatic interaction between
oppositely charged particles creates a strong droplet interface and facilitates stabilization
of the emulsion. Positioning protein residues towards the aqueous phase provides both
steric and electrostatic stabilization of the particles (Lu et al., 2005). Bilayer emulsions
are formed in pharmaceutical industries by gradually relocating the oil core through
evaporation. However, in the food industry, bioactives are delivered in multilayered
emulsions. Different types of primary stabilizers are used to stabilize emulsions in food
industry applications, including low molecular weight surfactants, lipids, proteins, and
polysaccharides (Guzey and McClements, 2006).
2.3

Nanoemulsions
Nanoemulsions are a class of extremely small droplet emulsions, containing a

continuous phase, a dispersed phase and stabilizers, such as surfactants (Huang et al.,
2010). For nanoemulsions, droplets (50 to 200 nm) are much smaller than in conventional
emulsions (1- 100 mm) (Solans et al., 2005). Nanoemulsions offer many advantages over
conventional emulsions: 1) nanoemulsions have an increased range of temperature that is
thermodynamically stable, 2) hydrophilic and lipophilic bioactive compounds can be
incorporated into the same nanoemulsion, 3) the small droplet size allows it to be easily
transported through the cell membrane, resulting in increased bioavailability (Lawrence
and Rees, 2012).
The increased stability of nanoemulsions is due to the high interfacial tension and
surface energy (surface tension × surface area) in comparison to conventional emulsions.
Many nanoemulsions are thermodynamically unstable due to their characteristically small
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size (Zhang and Haque, 2015). Therefore, after formulating a nanoemulsion, it is
important to know the size distribution of the nanoparticles, the size of individual
particles, and the bioavailability of the emulsion. Proteins (Chu et al. 2007) and modified
food starch (Mao et al., 2009) have been used to formulate nanoemulsions through high
pressure homogenization (Mao et al., 2009). Stable nanoemulsion formulations have been
made from whey protein and small amphiphiles (Zhang and Haque, 2015). The
preparation of stable nanoemulsions that can be used to deliver curcumin is still under
investigation, including studies on its particle size, storage stability, antioxidant activity
as well as bioaccesibility. Since nanoemulsions have greater surface tension and surface
area than emulsions, it can be hypothesized that nanoemulsions will also exhibit better
antioxidant activity than normal emulsions. The improved bioavailability has been
confirmed in smaller (particles carrying curcumin) curcumin emulsions than larger
(particles carrying curcumin) emulsions (Wang et al., 2008). The oral bioavailability of
polyphenols in a conventional emulsion indicated that proanthocyanidins, galloylated tea
catechins, curcumin and anthocyanins are the least absorbed polyphenols. Improved
solubility of oil-soluble lycopene (Spernath et al., 2002), phytosterol (Garti et al., 2005),
ω- 3 fatty acids (McClements and Decker 2000), coenzyme Q10 (Thanatuksorn et al.,
2009; Xia et al., 2009) and so on have been studied in nanoemulsions. However, study
on nano-encapsulated polyphenols is still limited.
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2.4
2.4.1

Ingredient Selection Justification
Whey protein isolate
Whey is a by-product of the cheese manufacturing process. It is separated from

milk during the cheese making process and is widely used in protein drinks and dietary
supplements. Three forms of whey proteins can be manufactured based on their
separation process: whey protein isolate (WPI), whey protein concentrate (WPC), and
whey hydrolysate (WH). The protein content of whey products differ based on their
separation process. WPI contains higher amount of protein (90% per serving) whereas
WPC contains 15-80 % of protein. These products contain whey protein, lactose, and
other carbohydrates, but are free of fat and cholesterol. Ion exchange chromatography
and membrane filtration are widely used to separate and purify whey proteins. The native
whey protein is isolated based on the surface charge of the protein molecules. In the ion
exchange, mild pH adjustments are made to activate and deactivate the affinity between
the ion exchange resin and the protein molecules. The nonbinding protein molecules are
washed from the reaction chamber. The molecular conformational change of the proteins
during this ion exchange process is reversible and does not cause denaturation (Sawyeret
al., 1998). The second method is membrane filtration, which is a combination of microfiltration and ultra-filtration. This separation method is based on molecular size.
Membrane filtration is less selective because it allows any molecules within a specific
size range to pass through. In addition, the application of pressure across the membrane
produces a significant amount of the casein fragment, caseino-glycomacropeptide
(cGMP), which contains an incomplete amino acid profile that is low in branched chain
amino acids (Damodaran, 1994). Whey protein (20%) contains beta-lactoglobulin
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(approximately 3.2 g/L), alpha-lactalbumin (approximately 1.2 g/L), bovine serum
albumin (approximately 0.4 g/L), and immunoglobulins (approximately0.7–1.0 mg/ml)
(Raikos, 2010). The monomeric structure of beta-lactoglobulin consists of 162 amino
acids with two disulfide bonds and one free cysteine group. At physiological pH
(pH=7.0), the dimeric form of beta-lactoglobulin is predominant with a molecular weight
of 36,400 Da. The isoelectric point of beta-lactoglobulin is 5.2 (Damodaran, 1994;
Sweyer et al., 1998). The next most prevalent protein in whey is alpha-lactalbumin, a
globular protein with a molecular weight of 14,178 Da. Alpha-lactalbumin contains four
disulfide bonds (four) and no free thiol groups (Taco et al., 2011).This makes alpha –
lactalbumin more prone to covalent aggregation. In addition, pure alpha-lactalbumin does
not form gels upon denaturation and acidification (Kimpel & Schmitt, 2015). These two
major whey proteins have been used in different types of food components due to their
physiochemical properties (gelation, aggregation, foaming ability etc.). These proteins
also provide a considerable amount of essential amino acids for human growth
(Hambraeus and Lonnerdal, 2003). Thermal processing of milk is essential to the
inhibition of microbial degradation of dairy products and extension of product shelf-life
(McKinnon et al., 2009). Application of heat modifies the chemical and nutritional
properties of milk due to the denaturation of whey proteins. This denaturation process is
sometimes reversible, when only partial unfolding of the native protein occurs. This
denaturation becomes irreversible when aggregation occurs due to sulfhydryl, disulfide
interchange, and intermolecular interactions (hydrophobic and electrostatic) (McMahon
et al., 1993; Hoffmann and van Mil, 1997; Anema and Li, 2000). The aggregation of
whey protein results in the production of protein complexes due to the interaction of a
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free -SH group with a disulfide bond (beta-lactalbumin, kappa-casein, alpha-lactalbumin,
BSA) via -SH/S-S interchange reactions (Considine et al., 2007).
2.4.2

Mechanisms of beta-lactoglobulin aggregation
The major mechanism of whey protein aggregatio n is assumed to be carried out

by beta-lactoglobulin. There are a few models that have been proposed pertaining to the
aggregation kinetics of beta-lactoglobulin. The first possible mechanism was described
by Mulvihill and Donovan (1987). This mechanism consists of the unfolding of
structures, followed by the association of the unfolded protein into the irreversible
formation of protein complexes. At ambient temperature (20°C), beta-lactoglobulin exists
in an equilibrium of the dimeric and monomeric form. However, at elevated temperature
and acidic pH (>30 °C and <pH 5-6, respectively), the dimeric form disassociates into the
monomeric form. At temperatures greater than 70 °C, the protein denatures into the
protein’s primary and secondary structures, which exposes the previously hidden -SH
groups. Formation of two types of aggregates have been described. The structural
conformational change in small aggregates involves -SH oxidation and/or -SH/S-S
interchanges. The large aggregates form through nonspecific interaction without the
involvement of -SH groups. This proposed mechanism was investigated for two protein
variants that were heated at 60 to 90 °C and pHs of 6 to 9.
The second model involves the gelation mechanism of WPC (Steventon et al.,
1991). WPC was treated with heat for 5 min at 85 °C. The three steps of reactions that
were involved in the aggregation of globular whey included reversible
denaturation/unfolding, the beginning of propagation, and propagation of aggregation.
The gelation of the whey protein occurs during the propagation state due to the formation
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of polymers. The third model consists of the same stages that were included in the second
model, with the exception of the inclusion of a terminal stage (Roefs and De Kruif,
1994). This model proposes that gelation occurs due to the exposure of -SH groups
during the denaturation and final aggregation stage. In addition, the hydrophobic groups
become exposed, which results in the aggregation of beta-lactoglobulin due to
hydrophobic association. Application of heat (>75 °C) results in the aggregates forming
disulfide bonds, which increases aggregation and stability. The hydrophobically linked
beta-lactoglobulin/alpha-lactalbumin aggregates are formed at >85 °C through S-S links
(Oldfield et al., 1998)
To further elucidate the mechanism of aggregation, the proteins were exposed to
wider ranges of temperature, pH and ionic strength. This model included non-covalent
reactions that occur during beta-lactoglobulin aggregation. Physical (noncovalent
interactions) and chemical reactions were dependent on the temperature, pH and ionic
strength. Chemical reactions generally occurred at temperatures above 80 °C, higher pH
values (>7), and lower ionic strengths while physical reactions tended to occur more
readily at lower temperature (< 67°C), pHs >6.5, and higher ionic strengths (>0.1 M
NaCl) (Oldfield et al., 1998).
In the initial stage of heat induced aggregation, the native protein dissociates into
monomeric forms (Imetti et al., 1996). The nascent monomers, which are often referred
to as Molten globules (MG) (Matsudomi et al., 1991; Oldfield et al., 1998; Apenten et al.,
2002; Considine et al., 2007) contain a free reacting -SH group and sticky hydrophobic
surfaces. These monomers are highly reactive and can initiate the formation of different
mono to dimeric to tetrameric structures via interchangeable and noncovalent reactions
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(Hoffmann and vanMil, 1997; Tolkach and Kulozik, 2007). Polymerization of different
structures occurs only when the concentration of monomeric, dimeric and tetrameric
structures attain their maximum levels (Surroca et al., 2002).
2.4.3

Roles of alpha-lactalbumin and BSA in protein aggregation
Individual involvement of alpha-lactalbumin was studied by Chaplin and Lyster

(1986). These researchers concluded that alpha-lactalbumin was unable to initiate
aggregation during heat treatment in the absence of beta-lactoglobulin. When this protein
is heated to a very high temperature for 14 min in the absence of calcium, the reaction is
irreversible. Five stages of reactions have been proposed with respect to alphalactalbumin aggregation. In the first stage, reversible denaturation starts below 90 °C.
Irreversible denaturation initiates at above 90 °C due to intra-molecular S-S shifting
reactions from modified monomer structures. In the third stage, free-SH groups on the
newly formed monomeric subunits can participate in -SH/S-S interchange reactions that
result in the formation of dimers and larger oligomers. These oligomers can be partially
dissociated when the temperature is reduced to 25 °C. This protein had insufficient
aggregation under different conditions and was either unable to form a gel or formed a
weak gel on its own (Paulsson et al., 1986; Matsudomi et al., 1991; Hines and Foegeding,
1993; Nonaka et al., 1993; Gezimati et al., 1996.) BSA contributes important gelling
properties to whey protein. The highest gelation degree of BSA was observed at a pH of
6.5 and a protein concentration of 4% (w/v) (Matsudomi et al., 1991). When heated, the
alpha helix content increased and the beta sheet concentration increased just prior to
gelation (Clark et al., 1981). Gel formation starts when the protein is heated at 64 °C or
above due to the formation of non-native structures. BSA also forms gels at 2% (w/v) if
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heated from 10 to 90 °C at a pH of 6.6. Two stages of reactions have been proposed by
Baier et al., (2004). In the first stage, the BSA structure undergoes reversible
transformation above the denaturation temperature of 62 °C and forms a molten globule
(MG). In the second stage, the MG transforms into another MG state which has a higher
hydrophobicity due to intermolecular hydrophobic attraction. Eventually, this irreversible
state leads to gelation. Heat induced interactions have been evaluated for BSA using
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and SE-HPLC
(size-exclusion high performance liquid chromatography) (Havea et al., 1998). Formation
of large S-S linked aggregates and SDS-monomeric BSA and alpha-lactalbumin occurred
when heated at 75 °C for up to 48 min. Authors also observed that BSA is crucial for the
formation of alpha-lactalbumin monomers, dimers and polymers. The mechanism for
why BSA is needed in the protein aggregation of whey protein has not yet been
elucidated.
2.4.4

Casein hydrolysate
Casein hydrolysate is prepared by the hydrolysis of casein with digestive

enzymes. Hydrolysis is a digestion process that cleaves protein into minute peptides, or
amino acid chains. After hydrolysis, casein cannot form bolus in the stomach, but can be
absorbed and digested easily, at a similar rate to whey protein (Koopman et al., 2009).
The hydrodynamic properties and surface topography of casein hydrolysate make them
useful for the manufacture of functional food products (Damodaran, 1994; Kinsella &
Morr, 1984). Casein contains four primary proteins (αS1 -, αS2 -, β- and k-casein). β-casein
is strongly hydrophobic (Rivalet al., 2001). The molecular weight and concentration of
each protein is different [αS1 : MW=23,000(∼38.49%); αS2 : MW=25,000 (∼10.06%); β19

casein: MW=24,000(∼38.74%); k-casein: MW=19,000(∼12.57%)] (Mocanu et al.,
2012).
Since some pathogens are becoming increasingly resistant to antibiotics (Teuber,
1999;), the antimicrobial efficacies of peptides that are derived from casein hydrolysate
have been studied (Phelan et al., 2008). Such antimicrobial peptides are examples of
food-derived bioactive compounds that can potentially serve as antimicrobials to preserve
foods. Both the glycosylated and non-glycosylated forms of peptides that are derived
from casein hydrolysate inhibited the growth of Enterococcus faecalisat 1.6 mg/mLand
0.64 mg/mL concentration (Liu et al., 2012). Antibacterial peptides are also released
during casein proteolysis. Chymosin digestion of casein leads to the release of casecidins,
a group of basic, glycosylated and high molecular weight (~5 kDa) polypeptides, which
are bactericidal to Staphylococcus aureus (at concentrations that were competitive with
known antibiotics) (Lahov and Regelson, 1996). Racidin corresponds to the N-terminal
end of αs1 -casein and exhibits in vivo protective actions against Staphylococcus aureus,
Streptococcus pyogenes and Listeria monocytogenes (Lahov and Regelson, 1996). These
important properties contribute to casein hydrolysate’s value as a co-emulsifier in
emulsion systems.
2.4.5

Chitosan
Chitosan is a water-soluble linear polysaccharide that is manufactured by the

alkaline de-acetylation of chitin, a compound that is abundantin in the shells of
crustaceans and fungal cell walls. This polysaccharide is composed of 2-acetamide-2deoxy-D glucose (the neutral sugar unit GlcNAc, or A-unit) and 2-amino-2-deoxy-Dglucose (the positively charged sugar unit GlcN, or D-unit) that is connected by a β-(1-4)
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linkage. This polymer can be synthesized into variable chain lengths and fractions of
units (FA unit). The degree of acetylation determines the physiochemical properties of the
chitosan. Therefore, it can be an ampholyte (enriched in A-units which are neutral sugar
units) or a polyelectrolyte (enriched in D units). The amino group of the D-units lowest
pKa value is 6.3. Therefore, chitosan becomes positively charged at pH values below 6.3
However, the presence of primary amino acid groups with D- units allows chitosan to
form covalent attachments with various groups (Nilsen-Nygaardet al., 2015).
2.4.5.1

Emulsifying properties of chitosan
Several studies have confirmed that chitosan can effectively stabilize emulsions

without any additional emulsifiers (Jayakumar et al., 2011; Walstra, 2002; Dickinson,
2003; McClements, 2005; Li and Xia, 2011). The use of chitosan as an emulsifier was
first demonstrated by Schulz and co-workers (1997). They prepared W/O/W ((water-inoil-water) double emulsions with sunflower oil (at a phase fraction of 0.2) and chitosan as
the primary emulsifier.The fraction unit (F A) of chitosan was 1.1, wheras the authors
hypothesized that the fraction unit of A of in the solution was broad with a higher fraction
of low FA. Chitosan can exhibit a wide range of HLB (hydrophilic- lipophilic balance)
values. For example, chitosan with a low FA exhibits a mainly hydrophilic nature and is
able to stabilize oil-in-water emulsion droplets. In addition, water-in-oil emulsions
anddroplets were assumed to be stabilized by hydrophobic chains of FA fraction units
(Schulzet al., 1998). Schultz et al., (1999) reported that Chitosan’s high FA(0.25) and low
FA(0.05) had a unimodal distribution of droplet size, whereas, intermediate F A values had
a polymodal distribution. Unimodal droplet distribution results in a stabilized emulsion
system because the active driving forces for Ostwald ripening were decreased
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(McClements, 2005). In contrast, Del Blanco et al. (1999) indicated that there was not a
clear correlation between FA values of 0.06 to 0.27 and emulsion stability.
Payet and Terentjev (2008) reported that the viscocity of the emulsion system
contributed to emulsion stability by inhibiting the surface activity of the chitosan during
formulation of the emulsion. Chitosan has low interfacial tension, and the chitosan chains
contain few hydrophobic attaching points (acetyl group). Based on this concept,a
conclusion was drawn that droplets were actually stabilized by comparative ly large
hydrophobic loops, with terminal chains of chitosan protruding into the continuous phase
of water (Payet and Terentjev, 2008).
Pickering emulsions have been stabilized with gelled chitosan (Liu et al., 2012).
At pH values above the pKa (>6.5) of chitosan, droplet size nanoparticles were formed
due to inter and intra molecular hydrophobic interactions. Chitosan becomes insoluble at
pHs above pH 9.8 due to strong hydrophobic interactions. Oil was added to the solution
after adjusting the pH to 4 and above 6, follwed by subsequent homogenization to
formulate pickering emulsions that were reversible when the pH was altered with HCl
and NaOH (Liu et al., 2012).
Li and Xia (2011) evaluated the effect of molecular weight and F A fraction on
emulsion stability. Chitosan exhibits a relatively broad fraction unit range (0.14-0.40). A
lower degree of acetylation enhances emulsion formation and stability. The intermediate
acetylated fraction (0.30-0.35) had less emulsifying capacity than chitosan with a low
degree of acetylation.The highest acetylated fraction (0.35-0.40) had enhanced
emulsifying capacity due to the increased number of hydrophobic acetyl groups that
associated with oil. The enhanced emulsifying capacity property in the lowest FA unit
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was explained by the change of molecular structure due to the charge repulsion within
chitosan molecules and due to the presence of amino groups, which enables the
association of oil droplets with the acetyl groups. In the intermediate fraction, the poor
emulsification capacity was due to electrostatic repulsion and steric hindrance which
promoted the dissocation of acetyl groups in the oil phase.
An optical tweezer, which is an emerging tool in the study of colloidal interaction,
has been used to measure the force that acts among droplets. Under controlled conditions,
a single pair of emulsion droplets is trapped in the continous phase, without any
mechanical contact. The optical traps which are formed in the tightly focused Gaussian
laser beam can be used to measure very low ranges of size (1-3 um). The force of the
diluted samples can be measured similar to how the Gaussian laser beam functions
(Nilsen-Nygaardet al., 2014).
With several degrees of compression with the optical tweezer, the droplet pair
rarely showed flocculation or coalescence. This indicated that chitosan will exhibit good
emulsifying capacity at the oil andwater interface. Emulsifying capacity can be enhanced
at pHs such as 8, since most of the amino groups will be deprotonated and emulsion
droplets will exhibit no charge, which leads to steric stabilization (Nilsen-Nygaardet al.,
2015).
Chitosan is used in food products as a texture modifier and a thickening and
gelling agent. It increases the viscosity of the aqueous phase and also enhances lipid
stability. Chitosan is also able to adsorp surfactant, protein, and polymers of opposite
charge to electrostatically form multilayered interfacial membranes (McClements, 2015;
Klinkesorn, 2013).
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2.4.5.2

Chitosan and multilayered emulsions
In multilayered emulsions, interfacial layers are created using a layer-by-layer

deposition technique (Güzey and McClements, 2006). Chitosan is often used in
emulsions with anionic surfactants (primary layer) such as SDS (Sodium dodecyl
sulphate)(Mun et al., 2005 ), lecithin (Klinkesorn and McClements, 2009), sodium
strearoyl lactylate (SSL)(Zinoviadou et al., 2011) and citric acid esters of mono- and
diglycerides (Gudipati et al., 2010). Chitosan can also form interfacial layers with
nonionic surfactants (Mun et al., 2006) such as polysorbate 80 and can adsorb to the
negative charged surfaces, such as OH- ions from the water, free fatty acids, and
phospholipids that are in the emulsion. For example, chitosan has been used in emulsions
with β-lactoglobulin (Speiciene et al., 2007) and casein (Zinoviadou et al., 2012).
Chitosan emulsions interact with negatively charged amino acids through electrostatic
deposition. When electrostatic deposition is used, the pH of the emulsion is greater than
the pKa of the protein, which facilitates charged particle interaction. The hydrophobic
acetyl group of the chitosan adsorps to the protein coated emulsion system. Anionic
polysachharides, such as pectin (Aoki et al., 2005; Ogawa et al., 2003) and alginates
(Gudipati et al., 2010) can form multilayered emulsions with chitosan.
2.4.6

Curcumin
Curcumin is a polyphenolic compound that is isolated from dried and ground

rhizomes of Curcuma longa L. (family Zingiberaceae) that is used as an herbal medicine
in Asia. The three major compounds in curcumin include diferuloylmethane (77%),
demethoxycurcumin (17%) and bis-demethoxy curcumin (3%). The ground dried
rhizome of Curcuma longa is a yellow orange powder with a molecular weight of 368.39
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Da and a melting point of 183°C. Curcumin is insoluble in acidic and neutral solutions
but is soluble in alkaline solutions since its phenolic hydroxyl groups become ionized.
Curcumin has poor solubility in common organic solvents such as ethanol or vegetable
oil, which makes it difficult to formulate curcumin into food products (Aditya et al.,
2017). However, solubility can be increased in oils and surfactants within emulsions (Yan
et al., 2011; Hu et al., 2012). The solubility of curcumin in an aqueous medium
(water/organic) is dependent on the pH of the solution. At physiological pH (0.1 M
phosphate buffer at 7.2 pH, 37 °C), greater than 90% of curcumin is degraded within 30
min of exposure. In alkaline solutions, curcumin is degraded and forms other compounds
such as vanillin, ferulic acid and feruloyl methane (Esatbeyoglu et al., 2012). Curcumin is
easily oxidized in the presence of oxygen and forms bicyclopentane in an aqueous
solution due to auto-oxidation. This pentadione compound is likely the main degraded
compound since this compound is formed after the reaction of curcumin with LOX
(Lipoxygenase) and COX (Cyclooxygenase) (Griesser et al., 2011).Therefore,
encapsulation is necessary to prevent curcumin degradation in an emulsion.
2.4.7

Curcumin and nanoemulsion
Nanoemulsions are defined as "colloidal, optically isotropic, transparent or

slightly opalescent formulations that consist of a surfactant, a co-surfactant, oil and
water" (Kurita and Makino, 2013). A nanoemulsion system was formulated with Capryol
90 (propylene glycol monocaprylate, 11%, oil), Cremophore RH 40 (polyethylene glycol
40 hydrogenated castor oil, 44%, surfactant) Transcutol P (highly purified diethylene
glycol monoethyl ether, 42%, co-surfactant), and curcumin. The solubility of curcumin in
this emulsion was 32.5 mg/ml and the droplet size was 27.3 nm (Hu et al., 2012). A
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clinical phamacokinetic study was also conducted in rats using the same emulsion. C max
(the peak plasma concentration) increased by 3.57 μg/ml [Tmax (peak time of
concentration) of 138 min] at a dose of 200 mg/kg and AUC (Area under curve) of 690.5
μg/ml, whereas the control dose C max was 0.83 μg/ml (Tmax of 1.5h) with an AUC of 153.2
μg/ml. The bioavailability of curcumin was 22.6 times higher than the water control.
The nanoemulsion droplet size was 218 nm when curcumin, oil (medium chain
triglyceride), surfactant (Span 20, monostearin, modified starch, Tween 80), and water
were used in the formulation. The administration of the same emulsion to mice at a dose
of 197 mg/kg resulted in a Cmax of 29.9 μg/ml (Tmax =1) and a bioavailability of 9.8%,
which was nine times higher than the control emulsion (water) (Yu and Huang, 2010). An
emulsion with an average drop size of 69 nm, that consisted of curcumin (100 mg/ml),
PEG 600 and Cremophor had a Cmax of 4.73 g/ml (Tmax =20min) when the dose rate was
1.8 g/kg in mice (Lie et al., 2012). Curcumin, PEG 400, polyethylene glycol, ethanol,
Tween 80 and water were combined in an emulsion with an average drop size of 176 nm
and 7.9% bioavailability. This was less than the control (amorphous dispersion), but there
was rapid diffusion from the plasma (Onoue et al., 2010).
Curcumin has many potential benefits including antioxidative, anti-inflammatory,
antimicrobial and anti-carcinogenic properties. To improve the bioavailability of
curcumin, encapsulation has been conducted with polysaccharides or phospholipids (Liu
et al., 2006; Tonnesen et al., 2002). Emulsion based delivery systems with curcumin have
been previously investigated (Bisht et al., 2007; Mukerjee and Vishwanatha, 2009; Wang
et al., 2008; Yu and Huang, 2010). These emulsion based delivery systems increased the
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bioavailability of curcumin when compared to dispersed-phase crystalline curcumin
(Ahmed et al., 2012).
2.5

Application of Nanoemulsion Systems
Nanosized functional ingredients that are encapsulated for delivery in food

systems by self-emulsification are used for the specific targeted delivery of different
compounds, including lutein, beta-carotene, lycopene, Vitamin A, D and E, co-enzyme
Q10 and omega-3-fatty acids (Choi et al., 2011). Capsaicin has also been successfully
delivered in a stable double-layered emulsion system with natural polymers, including
chitosan and alginate (Jasinka et al., 2010). Antioxidative substances can be incorporated
within the droplet in order to reduce oxidative degradation by engineering the ingredients
in the interfacial layer that surround each droplet (McClements and Decker, 2000). In the
food industry, nanoemulsions are used in bottled drinking water and milk that is fortified
with vitamins, minerals, and antioxidants (Huang et al., 2015).
Nanotechnology has been applied in the food industry to formulate functional
foods with nanosized nutritional supplements such as vitamins, shelf-life enhancers, and
antioxidants that are used to enhance taste, absorption and bioavailability. The carrier
molecule cholesterol has been replaced by lycopene, beta-carotenes and phytosterols to
reduce the accumulation of cholesterol in the food system. A green tea product with
nanoselenium has been developed to improve selenium uptake. Encapsulation of
nanosized particles is a process of incorporating materials, which not only increase
product functionality but also facilitates the controlled release of the core components.
Encapsulation of nanoscale ingredients exhibit several benefits, including shelf-life
extension, enhanced stability, and controlled release (pH triggered) of multiple
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bioactives. Bioactive components such as vitamins, antioxidants, probiotics, carotenoids,
preservatives, fatty acids, peptides are delivered through nanodelivery systems.
Nanoscale formulation increases the surface activity of the molecules and thus increases
the functionality and stability of the food products. Lipid based nanoformulations
enhance the solubility and bioavailability of food components and also protect them from
undesirable interactions with other food components. For example, nanoliposomes and
nanochleates are promising lipid loaded carriers for bioactives (Moxafari et al., 2008).
Nanoencapsulated probiotics that modulate immune response have been successfully
delivered to certain parts of the gastrointestinal tract (Vidyalaxmi et al., 2008). One
commercial application includes Tip Top bread from Western Australia that contains
omega-3 fatty acids. HydraCel is a natural nanosize mineral product that has been
incorporated in mineral water to increase the absorption ability of the water and minerals
within the body by increasing the surface tension of the drinking water (Mazzocchi,
2011). Nutrients have also been successfully delivered in nanoencapsulated products with
alpha-lactalbumin (a hydrolyzed ruminant milk protein) (Bugusu, 2009), casein micelles
(used as a carrier for sensitive food products) (Semo et al., 2007), dextrins (used for
bioactive products), and modified starch, which can also be used to encapsulate curcumin
(Yu et al., 2014).
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CHAPTER III
STABILIZED EMULSION SYSTEM FORMULATED WITH WPI, HEXANOIC
ACID, CASEIN HYDROLYSATE, CHITOSAN, LECITHIN AND NACL
3.1

Abstract
A primary emulsion with whey protein isolate (WPI) and hexanoic acid was

prepared, and chitosan (Ch) (0.01%, 0.02%, and 0.03%) was added to evaluate its impact
on particle size. NaCl (0, 20, 40, and 80 mM) was added to stabilize the multilayer
emulsion through increased ionic interactions. Lecithin (0.5%, 1%, 2%, 3%, w/v) was
mixed with the primary emulsion, and casein hydrolysate (CH) was used to stabilize the
emulsion system without the use of NaCl for 28 d at 4°C. Results from this study were
not indicative of the formation of a multilayer emulsion system. Since a multilayer
emulsion system was not formed, it was determined that a nanoemulsion system would
potentially be a better delivery system for curcumin than a multilayer emulsion system.
3.2

Introduction
Oil-in-water emulsions can be used to deliver bioactive compounds in food

products. Emulsions are thermodynamically weak or unstable systems. Therefore, various
emulsifiers are used to improve and create stable emulsion systems that are able to carry
and deliver bioactive components (McClements, 2004, McClements et al., 2007;
Dickinson, 1994). Stable nanoemulsions can be made from conventional emulsions by
layer deposition of oppositely charged electrolytes (McClements, 2016). This forms a
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thicker interfacial layer that enhances its stability under different physiological conditions
(Guzey and McClements, 2006). Dairy based proteins are used as emulsifiers in emulsion
systems because they can be adsorbed to the oil droplet interface, which creates a strong
and non-aggregative protective film (Lee and McClements, 2010). Approximately 20%
of protein in milk are whey proteins (Adjonu et al., 2014). Whey protein isolate contains
a number of nutritionally important proteins (alpha-lactalbumin, beta-lactalbumin,
lactoferrinns, and immunoglobulin) that contain sufficient amounts of essential amino
acids (Custodio et al., 2009). Whey proteins are useful in food emulsions due to their
amphiphilic properties that allow them to interact with hydrophobic and hydrophilic
residues (Foegeding et al., 2002). Whey proteins can be transformed into small peptides
by controlled enzymatic hydrolysis, which partially exposes hydrophobic residues
through slightly denaturing secondary and tertiary structures (Christiansen et al., 2004;
Gauthier and Pauliot, 2003; Tirok et al., 2001). This hydrolysis process enhances their
ability to diffuse at a higher rate in the oil/water interface and also increase their ability to
disperse a larger area of the interface than the native protein (Davis et al., 2005; O'Regan
and Mulvihill, 2010).
Chitosan is a cationic polysaccharide that is derived from the alkaline
deacetylation of chitin. Chitosan is a linear polymer that consists of randomly distributed
beta (1-4)-linked D-glucosamine and N-acetyl-D-glucosamine. At a pH below the pKa
(6.5), this polymer’s amino acids undergo protonation, which makes it a soluble cationic
polyelectrolyte, while at a pH above its pKa it becomes insoluble (Kumar et al., 2000;
Rinaudo, 2006; Cho et al., 2005). Chitosan can also form an interfacial complex with
surface active protein residues and/or anionic surfactants, which enhances the viscosity of
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the emulsion (Lapante et al., 2005; Mun et al., 2005; Klinkesorn, 2013). Antimicrobial
efficacy can be enhanced using chitosan since the cation stabilizes the multivalent ions,
which protects hydrophobic lipid droplets from iron catalyzed oxidation (Calvo et al.,
1997). Chitosan also facilitates layer deposition due to its cationic nature. Lecithin is a
GRAS anionic emulsifier that has been used in many studies to stabilize the formation of
a chitosan-lecithin layer through layer emulsion formation (Satoshi et al., 2004;
Shchukina and Shchukina, 2012). The objective of this study was to form a multilayer
emulsion (Fig 3.1) system to carry bioactive components through the use of whey
protein, chitosan, and lecithin at varying NaCl levels.
3.3
3.3.1

Materials and Methods
Materials
Whey protein isolate (WPI; Provon®292, Glanbia Inc., Lot# 0855701) was

obtained fromGlanbia Nutritionals (Fitchburg, WI). Disodium hydrogen phosphate,
chitosan, sodium chloride, and chymotrypsin were purchased from Sigma Aldrich (St.
Louis, MO). Hexanoic acid was purchased from Fluka Performix, and lecithin
(Performix® E) was obtained from Archers Daniel Midland (ADM, Decatur, IL).
3.3.2

Dialysis of WPI
Forty grams of WPI was weighted and dispersed in 400 ml of de-ionized (DI)

water, prior to gentle stirring for 2 h at 20°C. The dispersed WPI solution was poured in
dialysis tubing (50 ml per tubing), and four dialysis tubes were placed in a container with
4 L of DI water. Dialysis of the entire volume of dispersed WPI was conducted in two
batches. The containers with the tubing were stored at 4°C for four h with constant
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magnetic stirring. Water was changed every 4 h. Following the third change of water,
WPI samples (which had undergone a 10,000 fold dialysis) were collected, freeze dried
in a FreeZone® Triad™ Freeze Dry System (Labconco Corp., Kansas City, MO) and
stored in airtight containers (Royal air tight container. Model No. RYL-94702000A,
Amazon, Seattle, WA) at -20°C.
3.3.3

Preparation of enzymatic hydrolysate of casein
Casein was prepared using 0.1 N HCl with skimmed milk and was allowed to

stand at 22°C for 30 min. The curd was strained and re-dispersed by vortexting in 0.1 N
NaOH (final pH 7.8) to obtain a1% (w/v) dispersion. Chymotrypsin was used to digest
freshly prepared acid casein (Haque et al., 1993) at a chymotrypsin:casein ratio of 1:60.
The digestion mixture was adjusted to a pH of 7.8 using 100 mM Tris HCl, that contained
10 mM CaCl2 and was stored at 37°C for 1 h. Digestion was terminated by adjusting the
pH to 2.0 at 0.1 M HCl. After digestion, the mixture was centrifuged and the pellet was
freeze dried and stored in an airtight container (Royal air tight container. Model No.
RYL-94702000A, Amazon, Seattle, WA) at -20°C.
3.3.4

Emulsion preparation
Oil-in water emulsions with dialyzed WPI (1%, 5%, w/v), hexanoic acid (disperse

phase fraction, Φ=0.05), chitosan (1%, 2%, 3%, w/v), and NaCl (0, 10, 20, 40, 80, 160
mM) were prepared through gentle stirring for 1 h with a magnetic stirrer. These
emulsions were then homogenized in a blender for 3 min on the slow speed setting and
subjected to ultrasonic treatment for 30 min. This primary emulsion (tetra-system) was
stabilized in different concentrations of NaCl and added to lecithin at different
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concentrations (1%, 2%, 3%, and 4%) to formulate a multilayed (LBL) emulsion (pentasystem). Lecithin was first dispersed in 50 ml of buffer (Mcielvein’s isoionic buffer, pH
6.0) and homogenized by blending for 2 min and sonicating for 30 sec. Lecithin solutions
were added to the previously described tetra-system. Gentle stirring for 1 h was applied
to the emulsions and mean globular size was measured. The final pH of all emulsions
was adjusted to 6.0 with Mcielvein’s isoionic buffer.
3.3.5

Particle size measurements
Dispersed phase volume-surface average diameter (dvs) was measured on a

Trilaser Microtrac S3500 Particle Size Analyzer (Nikkiso, Tokyo, Japan) based on the
expression
𝑉
∑ 𝑉𝑖 / ∑ ( 𝑖 ) ,
𝑑𝑖

where Vi is denoted as volume of globules in a size class of mean diameter d i.
3.3.6

Statistical analysis
There were seven experiments conducted in this study, all within completely

randomized designs with 3 replications. The first three experiments were 2 × 5 factorial
designs with treatment effects of chitosan and sodium chloride concentration. The fourth
experiment was a 3 × 5 factorial design with 3 different concentrations of chitosan and 5
different NaCl concentrations. The fifth experiment was a 4 × 5 factorial design with 4
concentrations of lecithin and 5 concentrations of sodium chloride. The sixth and seventh
experiments included a 2 ×10 factorial design with two treatments of with or without
chitosan and 10 different sodium chloride concentrations in a completely randomized
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design. All data analysis were performed using SAS 9.3 (SAS institute Inc., Cary, NC
USA). Means were separated within each treatment factor using pdiff (P<0.05) when
significant differences existed among treatments (P<0.05).
3.4
3.4.1

Results
Particle size distribution of primary emulsion
When 5% WPI was used in the primary emulsion system, no differences existed

in particle size distribution between emulsions with and without chitosan at 1 h after
blending for 0 and 20 mM NaCl solutions (Figure 3.2A).However, adding chitosan at
0.01% increased the particle size of the emulsion at 10, 40, and 80 mM NaCl. This
increase in particle size was not practically important since the size of the emulsions were
between 8 and 12 μm, which indicated that droplets were too large for any of these
treatments to form stable emulsions. Similar results occurred 24 h after blending, with the
exception that the chitosan treatments had greater particle size after 24 h of blending
(P<0.05) for the 0, 40 and 80 mM concentrations (Figure 3.2B). Since all emulsion
treatments were unstable when 5% WPI was included in these first 2 experiments,
experiments 3 through 7 were formulated with 1% WPI. It is likely that the emulsion
became unstable because high pressure greater than 50 MPa is required to stabilize
emulsions with high concentrations of protein.
When 1% WPI was used in the emulsion formulation, the 0 and 10 mM NaCl
treatments had greater particle size 24 h after blending when chitosan was added to the
formulation (P<0.05) (Figure 3.3). When NaCl concentration ranged from 20 to 80 mM,
the addition of chitosan did not affect (P>0.05) particle size distribution. However, all
emulsions in this treatment were more stable since the particle size distribution was
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approximately 3 or 4 μm for each treatment, which was less than the emulsions that were
formulated with 5% WPI. The lack of increase in particle size indicates that the chitosan
may have interacted with the whey protein to help form a stable emulsion but did not
form a multilayer, since this would have increased the size of the emulsion globule. To
verify this, imaging analysis would need to be conducted. Since smaller globular sizes
were achieved after the addition of chitosan, a fourth experiment was conducted to
evaluate the effect of chitosan percentage on the mean globular diameter of the emulsion.
At all salt concentrations tested (0 to 160 mM), the mean globular diameter was greater at
0.03% chitosan when compared to the 0.01 and 0.02% chitosan treatments (Figure 3.4).
In addition, the only treatments that had increased particle size were the 40 mM and 160
mM NaCl treatments with 0.03% chitosan. Based on these results, 0.02% chitosan was
used in the formulation for experiments 6 and 7 to produce the secondary emulsion.
3.4.2

Particle size distribution of secondary emulsion
Lecithin was used as an additional emulsifier at concentrations of 0.5, 1, 2, and

4%. Though differences existed in mean globular diameter at each NaCl concentration,
1% lecithin was selected for use in the last experiment since it had the smallest range of
readings from 0 to 160 mM NaCl, when compared to other lecithin concentrations
(Figure 3.5).
3.4.3

Particle size distribution of tertiary emulsion
Addition of casein hydrolysate (2% of WPI, w/w) with the secondary emulsion

completed the formation of the tertiary emulsion. In the last experiment, casein
hydrolysate (CH) was added to increase ionic reactions in the emulsion system. Results
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indicated that the emulsion remained stable after the addition of CH, which is important
for the future research on delivering curcumin in emulsion systems (Figure 3.6). Even
though these ingredients were successfully used in the emulsion systems, it was evident
that the emulsions that were made were unstable over storage time. Therefore, future
research will be conducted on nanoemulsions to determine if they will remain stable over
storage time.
3.5

Discussion
Particle size reduction is the primary objective of emulsion formulation. A smaller

particle exposes hydrophilic side chains that solubilize the protein structure (Mayers et
al., 1995). Also as droplet size decreases, the interfacial area increases which confers
better stability by reducing protein loads (Hunt and Dalgleish, 1994). It has been
theorized that this increased stability can promote the creation of monolayer coverage of
the nascent droplet. In protein based emulsion systems, competitive absorption must be
considered. Competition is only observed when there is excess protein in the system that
is not needed in the emulsion system. An absorptive layer can be formed when WPI
concentration exceeds 0.90% (McClements, 2005). Since it was assumed that a higher
concentration of WPI would provide more protein for absorption, 5% WPI was used to
formulate the primary emulsion. However, use of 5% WPI caused a larger particle size
and emulsion instability. In addition, proteins can be included to formulate emulsion
droplets for subsequent layer deposition, especially at pHs away from the isoelectric
point (pH 6.0 for our system) (Morou et al., 2003; Gu et al., 2005). The ionic strength of
the solution and the intra and inter-molecular electrostatic interaction leads to the
formation and stabilization of a multilayered film (Decher et al., 1992; Poptoshev et al.,
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2004). The presence of salt during multilayer deposition may increase the thickness of the
deposited layer (Decher et al., 1992). In the absence of salt, polyelectrolytes form
comparatively thin layers with flattened chains that absorb against the surface. This
results in electrostatic repulsion, which restricts further post absorption molecular
rearrangement with other molecules. In the presence of salt, weaker intra-molecular
repulsion in the adsorption layer allows the molecular rearrangement of charged
electrolytes and surface groups (Steitz et al., 2000). Therefore, addition of salt in an
emulsion allows molecular interaction on the interfacial surface of the droplet. Our
observation initially (after the primary emulsion formation) supports this view. However,
the anionic lipid lecithin was used as a stabilizer and has been previously used as a
second deposition layer of the cationic polysaccharide chitosan (Ogawa et al., 2003
Klinkeson et al., 2005). Decreased particle size in the secondary emulsion does not
indicate that deposition of lecithin has occurred over the droplet. Our studies confirmed
the lamination of lecithin over chitosan. However, increased concentrations of lecithin
established that deposition may occur but higher concentrations may contribute to
emulsion instability, since 2% lecithin lead to larger emulsion droplets than emulsions
with 1% lecithin.
Addition of casein hydrolysate enhanced emulsion stability for all treatments and
decreased the importance of NaCl to emulsion stability. Lack of significant differences
establishes that no molecular interaction occurs, which is possibly due to ionic saturation
(Quang et al., 2017). No sufficient protein surface was available for further deposition of
lecithin over chitosan. Addition of CH exposed the protein surface, which contributed to
further molecular rearrangement and stabilization of the emulsion, even without salt. A
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continuum of electrolytes or oppositely charged polyelectrolytes may have stabilized the
emulsion. Antioxidant properties of CH presumably results from the redox-activity of
thiol groups in the peptides (Brandes et al., 2009). These groups are particularly redoxsensitive when they are in the proximity of neighboring positively charged or aromatic
residues (e.g., phenylalanine, tyrosine) (Antelmann and Helmann, 2011; Phelan et al.,
2008). This in turn potentially increases the ionic interaction or electrostatic repulsion of
the emulsion system.
3.6

Conclusions
Addition of lecithin did not reduce the particle size of the emulsion droplets.

There was no evidence of the deposition of oppositely charged polyelectrolytes. A
continuum of electrolytes or oppositely charged polyelectrolytes may have stabilized the
emulsion. Further research is needed to confirm the deposition of oppositely charged
particles since results from this study were not indicative of the formation of a multilayer
emulsion system. Since a multilayer emulsion system was not formed, it was determined
that a nanoemulsion system would potentially be a better delivery system for curcumin
than a multilayer emulsion system.
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Figure 3.1

Figure 3.1 Schematic representation of layer-by-layer emulsion system
(Adopted from Ogawa et al., 2004)
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Figure 3.2

Mean globular diameter of a WPI (5%, w/v) and hexanoic acid (Φ=0.05)
based emulsion with (W Ch) or without (W/O_Ch) chitosan after1 h (A)
and 24 h(B) of blending. Significant differences between the W_Ch and
W/O_Ch treatments at each NaCl concentration are indicated by different
letters (P<0.05). Data are presented as the mean ± standard deviation.
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Figure 3.3

Mean globular diameter of a WPI (1%, w/v) and hexanoic acid (Φ=0.05)
based emulsion with (W_Ch) or without (W/O_Ch) chitosan after 24 h of
blending. Significant differences between the W_Ch and W/O_Ch
treatments at each NaCl concentration are indicated by different letters
(P<0.05). Data are presented as the mean ± standard deviation.
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Figure 3.4

Mean globular diameter of a WPI (1%, w/v) and hexanoic acid (Φ=0.05)
based emulsion containing chitosan (0.01%, 0.02%, 0.03%) after 1 h of
blending. Significant differences between the chitosan treatments at each
NaCl concentration are indicated by different letters (P<0.05). Data are
presented as the mean ± standard deviation.
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Figure 3.5

Mean globular diameter of a WPI (1%, w/v) and hexanoic acid (Φ=0.05)
based emulsion containing chitosan (0.02%) and lecithin (0.5%, 1%, 2%,
4%) after24 h of storage. Significant differences between the lecithin
treatments at each NaCl concentration are indicated by different letters
(P<0.05). Data are presented as the mean ± standard deviation.
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Figure 3.6

Mean globular diameter of a WPI (1%, w/v), hexanoic acid (Φ = 0.05),
chitosan (0.02%) and lecithin (2%) based emulsion containing casein
hydrolysate (2% of WPI, w/w) (W_CH) and without casein hydrolysate
(W/O_CH) after 28 days of storage. Significant differences between the
W_CH and W/O_CH treatments at each NaCl concentration are indicated
by different letters (P<0.05). Data are presented as the mean ± standard
deviation.
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CHAPTER IV
WHEY PROTEIN ISOLATE, TWEEN 20 AND CASEIN HYDROLYZATE
STABILIZED O/W NANO-VESICULAR EMULSION
SYSTEMS WITH CURCUMIN CARGO
4.1

Abstract
Stable O/W nanoemulsions were generated by ultra-high pressure homogenization

(UHPH) at 140 and 210 MPa for use as nano-vesicular vehicles (NVV) to carry
hydrophobic generally recognized as safe (GRAS) curcumin (CU) in aqueous
nutraceutical systems. Curcumin (diferuloylmethane) was used for its antioxida nt activity
and participation in the Michael reaction with nucleophiles at pHs above 8.0. Two
important variables, (1) addition of casein hydrolysate (CH)(2%, w/w of WPI) and, (2)
use of UHPH (140 and 210 MPa), were studied for their effect on the stabilization of
monodispersed NVV and antioxidant capacity of the CU as cargo in the NVV throughout
storage. Addition of CH reduced nano-particle size (dvs) by 17% at 210 MPa when
compared to140 MPa. Addition of CH also increased the stability with UHPH pressure as
reflected by a 63% smaller dvs at 210 MPa as compared to 140 MPa. The nanoparticle
distribution was not changed by the addition of CU, with dvs’s of 101 and 93 nm at 140
MPa and 73 and 92 at 210 MPa for NVV and CU-NVV, respectively. Addition of casein
hydrolysate reduced particle size as well as enhanced positive functional properties to the
NVV, including antioxidant activity and persistence. Similar trends were observed in
zeta-potential, surface energy, contact angle and antioxidant efficacy of the NVV and
NVV-CU when UHPH was applied.
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Key Words: nanoemulsion, antioxidant, Ultra High Pressure Homogenization
(UHPH)
4.2

Introduction
Nanoemulsions are made of extremely small droplets (average globule size of 100

to 500nm) of either water (water-in-oil ) or oil (oil-in-water ) which form nonequilibrium, isotopically transparent dispersions that are stabilized by the addition of
surfactant molecules to form an interfacial layer around the droplet (Lovelyn & Attama
2011; Gutierrez et al., 2008). Nanoemulsionsare optically transparent, physically stable,
and have enhanced bulk viscosity. These characteristics are attributed to small droplets
and a reduced particle size distribution (Donsi et al., 2012). However, nanoemulsions are
not thermodynamically stable systems and have a tendency to aggregate, which leads to
sedimentation, coalescence, creaming and flocculation (Van de Ven H. et al., 2001).
Generation of small and uniform sized dispersed phase droplets alleviates nanoemulsion
instability (Kentish et al., 2008). Globular sizes of 20-200 nm create stable emulsion
systems (Maali and Mosavian, 2013), with increasing stability as the globule diameter
decreases (Pascual-Pineda et al.,2015).Various phytochemical compounds (hydrophobic)
have been delivered with accelerated release and rapid absorption using nanoemulsion
systems (Zou et al., 2015a).
Curcumin doses ranging from 0.9-3.6 g/day for 1-4 months in the human diet
caused nausea and diarrhea due to an increase in serum alkaline phosphatase and lactate
dehydrogenase (Sharma et al., 2004). If used at levels less than 0.9 g/day, it is expected
that curcumin ingestion causes no adverse effects. Curcumin is used as a condiment in
India and an herbal medicine in Asian countries for its nutraceutical properties (Chin et
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al., 2013). CU is a diarylheptanoid that is a bright yellow-orange colored powder, with a
high melting point (183°C) that has been correlated with chemopreventive,
cardioprotective, anti-inflammatory and anti-cancerous health effects (Ahmed et al.,
2012). It has also been linked to decreased incidence of depression, myelodysplastic
syndrome and Alzhiemers (Ahmed et al., 2012; Tsai et al., 2011; Donsai et al.,2012;
Souguir et al., 2013; Aditya et al., 2017; Alizadeh et al., 2012). Delivery of curcumin in
emulsion systems is challenging due to its lack of solubility, instability, strong color, and
distinct flavor (Yu and Huang 2010; Shetty et al., 2015).
Whey protein isolate (WPI) has been used as an emulsifier in food grade emulsion
systems due to its amphipathic nature (Adjonu et al., 2014; Chanamai and McClements,
2002; Euston et al., 2002). Whey protein’s ability to form strong, cohesive protective
films prevents droplet aggregation (Ramos et al., 2012).The objectives of this study were
to optimize the production of stable NVV using a WPI/Tween® 20 mixture to deliver the
hydrophobic component, CU, and assess the physiochemical properties of the emulsion,
the short-term antioxidant activity (AA) and long-term antioxidant persistence (AP) of
NVV and NVV-CU.
4.3
4.3.1

Materials and Methods
Materials
Whey protein isolate (WPI) (Provon®292, Lot# 0855701) was provided by

Glanbia Nutritionals (Fitchburg WI). Peanut oil (Fresh salad oil, Great Value, WalMart,
Benton, AR) was the dispersed phase. Curcumin (CU), (±)-6-Hydroxy-2,5, 7,8tetramethylchromane-2-carboxylic acid (Trolox), the antioxidant standard Tween 20

47

(Polysorbate 20), ABAP (2,2’-Azobis(2-methylpropionamidine) dihydrochloride), and
chymotrypsin were acquired from Sigma-Aldrich (St. Louis, MO).
4.3.2

Dialysis of WPI
Forty grams of WPI was weighed and dispersed in 400 ml of de-ionized (DI)

water, followed by gentle stirring for 2 h using a magnetic stirrer at 20°C. Dispersed WPI
was kept in dialysis tubing (50 ml per tubing). Four dialysis tubes were placed in a
container with 4 L of DI water. Dialysis of the entire volume of dispersed WPI was
conducted in two batches. The containers with the tubing were stored at 4°C for 4h, while
undergoing magnetic stirring. Water was changed every 4 h. Following the third change
of water, WPI samples (which had undergone a 10,000 fold dialysis) were collected,
freeze dried in a FreeZone® Triad™ Freeze Dry System (Labconco Corp., Kansas City,
MO) and stored in airtight containers (Royal air tight container. Model No. RYL94702000A, Amazon, Seattle, WA) at -20°C.
4.3.3

Preparation of enzymatic hydrolysate of casein
The casein curd was prepared using 0.1 N HCl with skimmed milk that was

allowed to stand at 22°C for 30 min. The curd was strained and re-dispersed by
vortexting in 0.1 N NaOH (final pH 7.8) to obtain a1% (w/v) dispersion. Chymotrypsin
(Sigma Aldrich, Product code C4129, St. Louis, MD) was used to digest freshly prepared
acid casein (Haque et al., 1993) at a chymotrypsin to casein ratio of 1:60. The digestion
mixture was adjusted to pH 7.8 using 100 mM Tris HCl, that contained 10 mM CaCl2 at
37o C for 1 h. Digestion was terminated using 0.1N HCl to adjust the pH to 2.0. After
digestion, the mixture was centrifuged and the pellet was freeze dried and stored in an
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airtight container (Royal air tight container. Model No. RYL-94702000A, Amazon,
Seattle, WA) at -20°C.
4.3.4

Emulsion preparation
WPI (1%, w/v), tween20 (20%, w/w of WPI), and CU (0.22%, w/v) were gently

stirred into the continuous phase for 3 hat 22°C, which consisted of 200 mM potassium
phosphate buffer (pH 8.0). The reaction was stopped immediately by adding 10 N HCl
and lowering the pH to 5.6. The dispersed phase (1%, v/v of the continuous phase) was
then introduced. A coarse emulsion was prepared by blending the incubated mixture
(Oster Classic series blender with crush pro 4 blade, Target Inc. Minneapolis, MN 55440)
for 3 min on low speed, followed immediately by a single pass (5-10 sec) of UHPH at
140 or 210 MPa at 22°C to generate the CU-cargo loaded nano vesicular vehicle (NVV).
4.3.5

Particle size measurement
Dispersed phase volume-surface average diameter (dvs ) was measured using a

Microtrac S3500 Particle Size Analyzer (Nikkiso, Tokyo, Japan) based on the expression:
𝑉
∑ 𝑉𝑖 / ∑ ( 𝑖 ) ,
𝑑𝑖

where Vi is denoted as volume of globules in a size class of mean diameter d i.
4.3.6

Zeta potential measurement
The zeta-potential of the emulsions was determined with a Zetasizer Nano ZS-90

(Malvern Instruments, Worcestershire, U.K.). Emulsions were diluted to 1,000 times in
10 mM potassium phosphate buffer (pH 5.6) to avoid multiple scattering effects. The
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zeta-potential of the sample was calculated using the Smoluchowski model that is based
on an analysis of particle electrophoretic mobility measurements.
4.3.7

Contact angle and surface energy measurements
Contact angle of the emulsion was determined using a Goniometer model 260

(Ramé-Hart instrument co., Succasunna, NJ), with DROPimage Advanced software for
image acquisition and analysis. The surface energy was calculated using the Surface
Energy Tool according to the Young’s equation.
4.3.8

Antioxidant activity (AA) and antioxidant persistence (AP)
The AA and AP of the NVV were performed following a method that was

described by Lissi et al., (1995) and modified by Haque et al. (2013). Assays were
conducted in clear bottom 96 well plates(350uL Clear Bottom, Opaque Body,
Polystyrene, Assay Plate, Rock Hill, South Carolina, USA 29730-3388) and each
reaction mixture consisted of 50 μL of each component including the emulsion sample
(subjected to specific treatments), 12.5 mM ABAP, 10 mM luminol and oxygen-saturated
potassium phosphate buffer (pH 5.6). Trolox (20 mM) was used as a positive control.
Peroxyl and alkoxyl radicals that were generated in vitro by pyrolysis of ABAP and
unquenched radicals were detected by luminol- induced chemiluminescence (relative light
unit, RLU) and used to determine the AA of the NVV. AA was expressed by its
chemiluminescence value that corresponded to the chemiluminescence maxima of the
blank (the buffer on its own), which indicated maximum free radical production. Thus,
AA for NVV depicted its efficacy at scavenging radicals at their highest concentration in
an in vitro model system. When chemiluminescence of the blank ceased after 60 min,
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depicting an apparent reduction in radical generation, a second luminescence curve was
initiated. This was done by re-induction of pyrolysis of an equal volume and
concentration of ABAP that was induced in the same reaction chambers (wells).
Residual antioxidant activity of NVV was a reflection of its AP, which was calculated
using the same method that was used to calculate AA. Detection of unquenched radicals
was based on the chemiluminescence of luminal that was measured at 1.50 min intervals
using a FlexStation 3 Microplate Reader (Molecular Devices, CA), that was assembled
with SoftMax®Pro Microplate Data Acquisition & Analysis Software. Greater AA and
AP are indicated by lesser RLUs.
4.3.9

Statistical analysis
The experiments were designed in 2×4 factorial arrangements with pressure (140

MPa and 210 MPa) and treatment (WPI, WPICU, WPICH, WPICUCH) and a split plot
factor of storage time within the factorial design. All data analysis was performed using
SAS 9.3 (SAS institute Inc., Cary, NC USA). Means were separated using Tukey’s
Honestly Significant Difference Test (P<0.05) for main and interaction effects to evaluate
the impact of treatment and pressure over storage time on the emulsion stability (n=3),
antioxidant activity (AA, n=5), and antioxidant persistence (AP, n=5) of the emulsion
systems.
4.4
4.4.1

Results and Discussion
Mean surface globular diameter (dvs )
When averaged over pressure and storage time, the WPICU treatment had a

greater (P<0.05) mean globular diameter (dvs) than all other treatments. The addition of
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CH to both WPI and WPICU caused a decrease in dvs (P<0.05) (Table 4.1). This indicates
that the addition of curcumin (CU) decreased the emulsion stability of WPI, while the
addition of CH increased emulsion stability, both with and without curcumin. When
averaged over treatment and storage time, there was no difference in dvs between the 140
and 210 MPa pressure treatments. For storage time, averaged over treatment and
pressure, no difference existed in dvs from 0 to 4 d. dvs increased (P<0.05) from 4 to 8 d
of storage and then increased again between 12 and 16 d of storage. This indicates that
emulsion stability generally decreased over time. When the treatment × pressure
interaction was averaged over time, the WPICH treatments at 140 and 210 MPa and WPI
treatment at 140 MPa had a smaller dvs than all other treatment combinations. Addition of
curcumin increased the dvs, indicating decreased stability. Addition of CH increased the
stability (increased dvs) of the WPICU treatment at 140 MPa, but did not decrease dvs at
210 MPa. When the pressure×time interaction was averaged over treatment, the dvs
increased (P<0.05) more quickly over time at 140 MPa then at 210 MPa. When
treatment×time was averaged over pressure, the WPICU treatment had increased from its
initial dvs by 8 days but the dvs of the WPICUCH treatment did not increase to values
similar to WPICU until 20 days of storage. The mean separation for the
treatment×pressure×time interaction indicated that the most stable emulsion was the WPI
primary emulsion treatment with the addition of casein hydrolysate over 28 days of
storage. In addition, the 210 MPa treatments of WPICH were generally more stable than
those at 140 MPa over time. Addition of curcumin to WPI led to a greater d vs by 8 days of
storage at both 140 and 210 MPa. Addition of CH and/or pressure of 210 MPa had lower
dvs than WPICU at 140 MPa by 8 days through the 28 d storage time. Use of CH
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improved the storage stability of the nanoemulsion, which may have been due to a
concentration and viscosity effect. Results are consistent with researchers who reported
that casein hydrolysate was an effective emulsifier in cheese (Adjonu et al., 2014; Kwak
et al., 2002) due to its ability to reduce particle size in micro and nanoemulsions (Su and
Zhong, 2016). Addition of CH resulted in significant reduction in particle size (dvs) with
varied applications of pressure. The mean NVV monomodal distribution of the emulsion
was 17% smaller at 210 MPa when compared to 140 MPa. Addition of CH also increased
the stability with UHPH pressure as reflected by 63% smaller d vs at 210 MPa as
compared to 140 MPa.
4.4.2

Zeta potential (ζ)
The zeta potential (ζ-potential), also known is the electrokinetic potential, is a

measurement of the electrical charge of particles that are suspended in a liquid and is
often used to describe double-layer properties of a colloidal dispersion. Typically, the
higher the absolute values of the zeta-potential, the more stable the colloid. Zeta potential
that are less negative than -15 mV typically represents the beginnings of particle
agglomeration. When the zeta-potential equals zero, the colloid will precipitate into a
solid (Hunter, 2013). When averaged over pressure and storage time, WPI had the least
absolute zeta potential (P<0.05) followed by WPICU, WPICUCH, and WPICH (Table
4.2). The emulsions with CH were greater than the WPICU and WPI treatments,
regardless of whether CU was present in the emulsion or not. These treatments had zetas
of approximately -50 mV, which are reasonably stable (-40 to -60 mV) (Riddick, 1968).
This is in comparison to the emulsions without CH, which were moderately stable (-30 to
-40 mV). When pressure was averaged over treatment and time, the 210 MPa had a
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greater absolute zeta potential (P<0.05) than 140 MPa. When the treatment×pressure was
averaged over storage time, the addition of CH to WPI and WPICU slightly increased
(P<0.05) absolute zeta potential at 140 MPa. However, at 210 MPa, the addition of CH to
WPI and WPICU greatly increased (P<0.05) absolute zeta potential by approximately 20
units in comparison to a 5 unit approximate increase at 140 MPa. When means were
separated for the treatment×pressure×time interaction, the WPICH treatments at 210 MPa
had zeta potentials of -59 mV or greater, which were greater than all other treatments,
with the exception of WPICUCH at 210 MPA at up to 4 days of storage. Some of the
WPICH emulsions were greater than -60 mV, which are in the range of -60 to -100 mV,
signifying very good stability of the emulsion, while all other WPICH and WPICUCH
treatments at 210 MPa were between -57 and -60 mV, which ranged right on the border
between an emulsion with very good stability and reasonable stability. The WPICHCH
treatments had greater absolute zeta potentials (P<0.05) at 210 MPA than all other
treatments with the exception of WPICH. This indicates that the pressure of 210 MPa and
the use of CH were necessary to increase the absolute zeta potential of the emulsion
system such that it was greater than all other treatments with the exception of WPICH.
The role of casein hydrolysate was to promote limited hydrolysis of WPI. This process
has been utilized to generate peptides of smaller size with few secondary and tertiary
protein conformations and a partially revealed hydrophobic core that enhances
emulsification (Gauthier & Pouliot, 2003; Tirok et al., 2001). In general, a higher rate of
diffusion has been exhibited by hydrolysates such as CH at the oil/water interface, which
can spread a larger area of the interface than the uncleaved or native protein and therefore
have a greater ability to emulsify and stabilize the oil phase (Davis et al., 2005; O’Regan
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& Mulvihill, 2010). The NVV (WPICH) prepared with 210 MPa UHPH had the highest
absolute ζ value (60.1 mV) compared to other treatments after 28 d of storage. The next
highest range of ζ (-57.4 mV) was WPICUCH prepared with 210 MPa UHPH. This is
likely due to the increased surface charge that CH is known to contribute to the stability
of nano-particles that was due to the co-localization of hydroxyl, amine, and carboxyl
groups on the NVV+CU surface (Basumallik et al., 2016).
4.4.3

Contact angle and surface energy
Contact angle is the measurement of wettability of the oil in water or water in oil

emulsions (Sjoblomet al., 1992). An emulsion which contains an oil/water/solid has a
contact angle of θ=90º. This means that the dispersed particles are optimally stabilized in
an emulsion system. If θ is less than 90º, an oil soluble surfactant must be added to
stabilize the emulsion (Johan, 1992).The addition of CH to WPI and WPICU led to
increased (P<0.05) surface energy (SE) of the emulsion (Table 4.4), when averaged over
storage time and pressure. Similar results were seen for contact angle (CA), but the
differences between treatments with respect to CA were much larger (Table 4.3). For
example, WPICH had the greatest CA (P<0.05), followed by WPICUCH, followed by
WPI, and then WPICU, with less than a 2 unit difference between WPICH and
WPICUCH (Table 4.3). However, the WPI and WPICU treatments that did not contain
CH were greater than 10 units less than treatments with CH. (P<0.05).When averaged
over treatment and storage time, the 210 MPa pressure increased (P<0.05) the surface
energy by 0.3 units and increased (P<0.05) the contact angle by almost 8 units, indicating
that the pressure increased the electrostatic repulsion and hence emulsion stability
(McClements, 2005).When treatment and pressure combinations were averaged over
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storage time, the WPICU treatments at 140 MPa and 210 MPa had a smaller CA than all
other treatments, indicating that the addition of CU made the emulsion less stable. In
addition, WPICH at 210 MPa had the greatest CA, signifying the most stable emulsion,
followed by WPICUCH at 210 MPa. It was demonstrated that the addition of CH at 210
MPa stabilized the emulsion. This is in contrast to the use of CH at 140 MPa, which had a
greater CA than all treatments but WPICH and WPICUCH at 210 MPa, but was still
much less than these treatments and relatively closer to all other treatment means.
With respect to SE, WPICUCH and WPICH treatments at 210 MPA had greater
surface energies than the WPICU treatments at either 140 or 210 MPa (Table 4.4). This
indicates that the 210 MPa pressure and inclusion of CH maximized SE over the storage
time of the emulsion. When means were separated over the combination of treatment,
pressure and storage time, the WPICH treatment at 210 MPa had the greatest CA after 28
days, indicating that the emulsion was becoming slightly more stable over time. In
addition, the CA ranged from 57.1 to 62.5° for the WPICH and WPICUCH treatments at
210 MPa, which are approximately 8-10 units greater (P<0.05) than all other treatments
(Table 4.3). The WPICH treatments at 210 MPa had a greater CA than the WPICUCH
treatment at 210 MPa at 0, 8, 12, 16, 20, and 28 days of storage. This indicates that the
emulsion without CU had a greater electrostatic repulsion, signifying greater stability.
However, the small decrease in stability due to CU addition is much less than the increase
in CA due to the combination effects of CH and a pressure of 210 MPa that stabilized the
emulsion. In contrast to the CA results, the WPICUCH treatment at 210 MPA had a
greater SE than all other treatments at day 28 (Table 4.4), indicating greater electrostatic
repulsion at the surface than in any other treatment. The aggregation pattern of WPI
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without CH and CU supported the observation that UHPH increased the temperature of
the emulsion, which created a high cavitation force that exceeds the Laplace pressure (the
differential pressure between the inside and outside of a curved surface), therefore
reducing the wettability of WPI (Paunav et al. 2007). The presence of tween 20 did not
influence the CA (Table 4.3). Tween 20 stabilized nano emulsions do not remain stable
when they are treated at temperatures above 90o C for 15 min (Anges et al., 2016). The
addition of CH as an amphiphile may create a wedging affect that reduces contact angle
and enhances the stability of the emulsion system. The hydrophobic compound,
curcumin, can be effectively incorporated into a NVV that contains CH and is exposed to
140 MPa because of a strong wedging effect due to inclusion of CH. This leads to less
aggregation of WPI, which establishes better wettability and adhesion.
4.4.4

Antioxidant activity and persistence
When averaged over storage time and pressure, the WPICU treatment had greater

antioxidant activity (P<0.05) than all other treatments, followed by WPICUCH, which
had greater AA and AP than the treatments without curcumin (Table 4.5). Adding CH to
the treatment with curcumin slightly decreased the AA and AP (Tables 4.5 and 4.6). In
contrast, adding CH to WPI, slightly decreased AA, but slightly increased AP. This is
likely due to a dilution effect when CH is included in the formulation, since curcumin is
such a strong antioxidant since protein hydrolysates function as antioxidants since they
have a high radical scavenging ability. On average, the AA and AP of WPICUCH and
WPICU were less than that of Trolox (20 mM), indicating a greater antioxidant activity
and antioxidant persistence, while the WPICH and WPI treatments were much greater
than Trolox, indicating less antioxidant activity and persistence. Since the differences
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were so vast between treatments with and without curcumin added, results were analyzed
separately for the data with curcumin and the data without curcumin. For treatments with
curcumin, the maximum antioxidant activity was at d 0, with an RLU value of 3.1. The
value at d 0 was less than all other treatments. As storage time increased to day 8, AA
increased, signifying a decreased antioxidant activity. No differences existed in AA
between 8 and 24 d of storage with values of approximately 10 at 140 MPa and 12 at 210
MPa.
RLU values increased until 12 days of storage, indicating decreased antioxidant
persistence (Table 4.6). After 12 d of storage (Table 4.6), AP decreased until 28 d of
storage but was still greater than the AP after 2 d of storage. When averaged over storage
time, inclusion of CH increased AA and AP at 210 MPA, but did not impact AA and AP
at 140 MPa. This may have occurred due to heat generation at 210 MPa that could have
led to decreased antioxidant activity and persistence. When means were separated based
on treatment × pressure × time storage time, no differences existed between treatments at
d 0. After 2 d of storage, the WPICU treatments at 140 and 210 MPa had less AA than
the WPICUCH treatments at 140 and 210 MPa, indicating that the addition of CH is more
rapidly decreasing the antioxidant capacity in comparison to curcumin alone. After 4 d of
storage, the WPICUCH treatments at 140 MPa had greater AA than the WPICU
treatment at 210, and the WPICUCH treatment at 210 MPa had greater AA than WPICU
treatment at both 140 and 210 MPa. Though the 210 MPa treatment provided the greatest
emulsion stability in the WPICUCH treatment, its antioxidant activity was not as great as
the WPICUCH treatment at 140 MPa and WPICU treatments at both pressures
throughout the storage time of the emulsions. Similar to AA, there were no differences in
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AP (P<0.05) among treatments at d 0. After 2 d of storage, antioxidant persistence was
greater at WPICU and 210 MPa than WPICUCH at 210 MPa. After 4 d of storage, the
antioxidant persistence was greater at WPICU and 210 MPa than the other treatment and
pressure combinations. WPICUCH at 140 MPa had greater persistence after 8 d of
storage than WPICU at 140 MPa and WPICUCH at 210 MPa. In addition, WPICU at 210
MPa had greater persistence than WPICU after 8 days of storage. The WPICUCH
treatment at 210 MPa had the least antioxidant persistence out of any treatment, and the
WPICUCH treatment at 140 MPa was less persistent (P<0.05) than the WPICU at either
140 or 210 MPa after 12 days of storage. By day 16, no differences existed in antioxidant
persistence among treatments, a result that stayed consistent through the rest of the 28 d
of storage period.
Even though the treatments without curcumin had much less antioxidant activity
and persistence than the treatments with curcumin, the WPI and WPICH treatments
ranged between 40 to 100, which was much less than the 600 value for the control
samples. This indicates that the whey protein and casein hydrolysate still functioned as
antioxidants in the emulsion system. For AA, at day 0, the antioxidant activity was less
at WPICH 140 MPa than the other treatments. By day 2 of storage, the only difference
was less AA in WPICH140 than WPI210. By d 8 of storage, the only difference was
WPICH 140 having greater AA than the WPI 140 and WPI 210 treatments. At day 12 of
storage, the AA of WPICH140 was at its maximum, and was greater than the WPI
treatments at 140 and 210 MPa. In addition, the WPICU 210 MPA and the WPI 210
treatment had greater antioxidant activity than the WPI 140 treatment. This indicates the
positive impact of CH and a pressure treatment of 210 MPa on the antioxidant activity of
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the emulsion through 12 d of storage. From d 16 through 28, no differences in antioxidant
activity occurred among treatments. However, all values ranged between 60 and 75,
which indicate a stronger antioxidant activity than the control samples, which had values
of greater than 600. With respect to antioxidant persistence, the WPICH140 treatment
had less antioxidant persistence than the other treatments after 2 d of storage, and less
antioxidant persistence than all treatments but WPI140 after d 0. After 4 d of storage, the
WPICH210 treatment had greater antioxidant persistence than other treatments, and
WPI140 had less antioxidant persistence than all other treatments. This indicated that
incorporation of CH and a pressure of 210 MPa increased antioxidant persistence from d
0 to d 4 of storage. By d 8 of storage, the WPICH140 treatment had greater persistence
than the other treatments, indicating that the casein hydrolysate became important to
antioxidant persistence after 8 d of storage. By d 12 of storage, the WPICH140 treatment
demonstrated greater persistence than all other treatments, with the exception of WPI
210. From d16 through d 28, the WPI210 treatment had the greatest antioxidant
persistence and WPICH210 had the least antioxidant persistence. This indicates that CH
at 140 MPa optimized persistence from d 8 to d 12, but either inclusion of CH at 140
MPa or a pressure of 210 MPa increased antioxidant persistence from 16 d to 28 d but
combining these two treatments was detrimental to antioxidant persistence. The CU
molecule ((1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptdiene-3,5-dione) exists in the
enolate form at the pH of this study which allows the donation of a hydrogen atom in
polar solvents. Moreover, it can readily transfer electrons and donate H+ atoms from its
phenolic sites (Barzegar and Moosavi-Movahedi, 2011). AA and AP of the NVV+CU
were stable and preserved throughout storage when compared to the coarse emulsion (3.4
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at 0 d and 23.5 at 28 d). It is possible that covalent attachment to the nucleophilic
residues of whey proteins occurred in the intense cavitation environment during UHPH,
which led to enhanced stability. CU has three reactive groups that include one diketone
moiety (the linker region), and two phenolic groups that lead to its antioxidant
effectiveness and persistence (Priyadarsini, 2013).
4.5

Conclusions
Use of pressure allowed for the formation of a stable nanoemulsion system with

WPI, CU, and CH. Use of CH and the pressure of 210 MPa led to the most stable
emulsions over storage time, but caused slight decreases in antioxidant activity and
persistence. However, since the emulsions were more stable, as evidence by zeta
potential, the slight decrease in antioxidant activity and persistence would likely be
acceptable since it was still greater than the Trolox control, with values of 12.1 for AA
and 13.7 for AP, respectively. These values indicated greater AA and AP than the
WPICH treatments of approximately 60-100, and much greater than the control values of
676.5 for AA and 1024.9 for AP, respectively. Further research would need to be
conducted in a beverage application to determine the emulsion stability and antioxidant
properties in real world applications.
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Table 4.1

Mean globular diameter (dvs, µm) of the WPI (1%), tween 20 (20% of WPI), peanut oil (Φ=0.05), and/or casein
hydrolysate (2% of WPI) formulated nano-vesicular vehicles and curcumin loaded vesicular vehicles that were
subjected to 140 and 210 MPa of homogenization (single pass) over 28 days of storage.
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Treatment
Pressure (MPa) Day 0
Day 2
Day 4
Day 8
Day 12
Day 16
Day 20
Day 24
Day 28
AB
B
B
BC
BC
B
C
C
WPI
140
113
87
86
103
109
94
91
94
83C
Ab
Aab
ABb
Bb
BCb
ABab
Bab
Bab
WPI
210
151
175
114
142
107
181
181
181
205ABa
WPICU
140
80Bd
68Bd
154Ac
234Aab
264Aa
218Aab
251Aab
251Aab
213Ab
WPICU
210
86Bb
98Bb
77Bb
100BCb
112BCb
131Bab
135BCab
177Ba
178ABa
ABab
Bb
Bb
Cb
Ba
Bab
Cab
Cab
WPICH
140
101
78
81
95
150
101
105
108
106Cab
WPICH
210
73Bb
77Bb
135ABa
89Cab
91Cab
95Bab
82Cb
88Cab
73Cb
Bb
Bb
Bb
BCb
BCb
Aa
Bab
Bab
WPICUCH 140
88
96
96
122
108
189
165
166
169ABab
WPICUCH 210
92Bc
130ABbc
93BCbc
115BCbc
152Bb
203Aa
162Bab
166Bab
162Bab
WPI: whey protein isolate, CU: curcumin, CH: casein hydrolysate.
Significant differences within each row (lowercase) or each column (uppercase) are indicated by different letters (P<0.05).

Table 4.2

Mean zeta potential (ζ, mV) of the WPI (1%), tween 20 (20% of WPI), peanut oil (Φ=0.05), and/or casein
hydrolysate (2% of WPI) formulated nano-vesicular vehicles and curcumin loaded vesicular vehicles that were
subjected to 140 and 210 MPa of homogenization (single pass) over 28 days of storage.
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Treatment
Pressure (MPa) Day 0
Day 2
Day 4
Day 8
Day 12 Day 16
Day 20
Day 24
Day 28
Dd
Bab
Cd
Ca
Fc
Eb
Ebc
Db
WPI
140
-33.9
-40.9
-34.9
-42.0
-37.1
-39.5
-38.6
-40.1
-41.3Dab
Ed
Ec
Ed
Db
Fb
Ea
Eab
Eb
WPI
210
-30.2
-33.2
-28.6
-37.5
-37.6
-39.4
-38.7
-37.7
-37.5Eb
WPICU
140
-30.5Ee
-34.7Dd
-32.0De
-36.4Dc
-52.8Ca -42.0Db
-43.6Cb
-42.5Cb
-42.1CDb
Ef
Cd
De
Ee
Da
Cab
Cb
CDc
WPICU
210
-29.4
-38.1
-32.3
-33.6
-44.7
-44.3
-42.7
-40.9
-40.3Dc
WPICH
140
-42.4Cb
-42.3Bb
-42.7Bab -42.6Cb
-44.3Da -43.0CDab -43.3Cab -42.5Cb
-43.7Cab
WPICH
210
-60.1A
-59.3A
-59.7A
-59.7A
-59.8A -59.8A
-60.5A
-60.4A
-60.1A
C
B
B
C
E
DE
D
CD
WPICUCH 140
-41.3
-41.6
-41.3
-41.0
-41.0
-41.0
-41.0
-41.0
-41.3D
WPICUCH 210
-58.2B
-58.0A
-58.2A
-57.2B
-57.1B -57.1B
-57.1B
-57.1B
-57.5B
WPI: whey protein isolate, CU: curcumin, CH: casein hydrolysate.
Significant differences within each row (lowercase) or each column (uppercase) are indicated by different letters (P<0.05).

Table 4.3

Mean contact angle (θ, º) of the WPI (1%), tween 20 (20% of WPI), peanut oil (Φ=0.05), and/or casein hydrolysate
(2% of WPI) formulated nano-vesicular vehicles and curcumin loaded vesicular vehicles that were subjected to 140
and 210 MPa of homogenization (single pass) over 28 days of storage.
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Treatment
Pressure (MPa) Day 0
Day 2
Day 4
Ge
Fc
WPI
140
36.7
39.2
46.2Ca
Cb
Ca
WPI
210
43.8
46.3
42.7Dc
WPICU
140
38.0Fb
35.5Gd
37.0Fc
Gc
Gc
WPICU
210
36.5
36.1
41.0Ea
WPICH
140
41.3Ec
41.6Ec
41.3Ec
WPICH
210
60.1Abc
59.3Ac
59.7Ac
Dc
Dbc
WPICUCH
140
42.3
42.7
42.6Dc
WPICUCH
210
58.2Bb
58.0Bb
58.2Bb
WPI: whey protein isolate, CU: curcumin, CH: casein hydrolysate.
Significant differences within each row (lowercase) or each column

Day 8
40.2Eb
37.1Hde
39.3Fa
37.9Gb
41.0Dc
59.7Ac
44.3Ca
57.2Bc

Day 12
39.9Eb
37.6Gd
39.2Fa
37.6Gb
41.0Dc
59.8Abc
43.0Cbc
57.1Bc

Day 16
39.6Ebc
37.1Gde
38.4Fb
36.6Gc
41.0Dc
59.8Abc
43.3Cb
57.1Bc

Day 20
39.2Dcd
36.8Fe
38.2Eb
36.0Gc
41.0Cc
60.5Ab
40.4Cd
57.1Bc

Day 24
38.5Dcd
36.8Ee
38.3Db
35.9Fc
42.5Cb
60.4Abc
43.4Bb
60.4Aa

(uppercase) are indicated by different letters (P<0.05).

Day 28
38.5Ed
36.7Fe
38.3Eb
36.0Fc
48.5Ca
62.6Aa
44.1Dab
57.1Bc

Table 4.4

Mean surface energy (mJ/m2 ) of the WPI (1%), tween 20 (20% of WPI), peanut oil (Φ=0.05), and/or casein
hydrolysate (2% of WPI) formulated nano-vesicular vehicles and curcumin loaded vesicular vehicles that were
subjected to 140 and 210 MPa of homogenization (single pass) over 28 days of storage.
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Treatment
Pressure (MPa) Day 0
Day 2
Day 4
Bab
Abab
WPI
140
60.0
60.3
57.5Ac
Bb
Abab
WPI
210
59.5
60.2
57.7Ac
WPICU
140
59.9Bab
57.2Cb
57.9Ab
Ba
Cb
WPICU
210
60.1
57.5
57.9Ab
WPICH
140
59.0Bb
60.8Aba
58.8Ab
WPICH
210
59.2Bb
61.7Aa
58.6Ab
Bb
Bbc
WPICUCH
140
60.0
59.2
53.4Bd
WPICUCH
210
62.0Ab
59.7Bc
54.1Be
WPI: whey protein isolate, CU: curcumin, CH: casein hydrolysate.
Significant differences within each row (lowercase) or each column

Day 8
58.0Bbc
58.1Bbc
58.4Bb
58.4Bb
60.4Aab
56.9Bc
58.0Bc
58.2Bd

Day 12
59.3Bb
59.7ABab
59.9ABab
60.0ABab
59.2Bb
61.3Aa
60.0Abb
60.3Abc

Day 16
60.4Aab
61.3Aa
58.5Bb
60.3Aa
60.5Aab
60.6Aab
60.6Aab
60.4Ac

Day 20
61.3BCa
58.5Dbc
60.3Ca
60.4Ca
60.9BCa
61.2BCa
62.1Ba
64.3Aa

Day 24
61.4BCa
58.5Dbc
60.3Ca
60.4Ca
60.6BCab
61.2BCa
62.1Ba
64.4Aa

(uppercase) are indicated by different letters (P<0.05).

Day 28
61.3BCa
58.5Dbc
60.3Ca
60.4Ca
60.6BCab
62.1Ba
58.7Dbc
65.2Aa

Table 4.5

Mean antioxidant activity (relative light unit, RLU) of the WPI (1%), tween 20 (20% of WPI), peanut oil (Φ=0.05),
and/or casein hydrolysate (2% of WPI) formulated nano-vesicular vehicles and curcumin loaded vesicular vehicles
that were subjected to 140 and 210 MPa of homogenization (single pass) over 28 days of storage.

Without
CU

Treatment
WPI
WPI
WPICH
WPICH

Pressure
(MPa)
140
210
140
210

Day 0

Day 2

Day 4

Day 8

Day 12

Day 16

Day 20

Day 24

Day 28

64.5Bb
64.8Bbc
76.2Aa
65.2Bb

72.7ABb
67.7Bbc
82.6Aa
76.3ABa

97.0Aa
90.3Aa
79.9Ba
72.9Bab

71.8Ab
71.6Ab
56.6Bb
65.4ABb

72.1Ab
59.3Bc
45.9Cc
51.9BCc

72.9Ab
63.1Abc
64.6Ab
72.2Aab

72.8Ab
62.5Abc
64.8Ab
72.3Aab

72.8Ab
62.9Abc
64.8Ab
72.1Aab

72.8Ab
62.5Abc
64.9Ab
72.2 Aab

With CU
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WPICU
140
3.3d
3.3Bd
8.1Bc
13.5Aa
9.4BCb
10.4Bb
10.1Bb
10.3Bb
10.1Bb
e
Be
Cd
Ba
Cbc
Cbc
Cbc
Bb
WPICU
210
2.7
3.1
6.7
10.8
8.4
8.9
8.8
9.2
8.8Cbc
WPICUCH 140
3.0c
6.6Ab
10.0Aa
7.7Db
10.3Ba
10.7Ba
10.6Ba
10.2Ba
10.1Ba
e
Ad
Ab
Cc
Aa
Aab
Aab
Aab
WPICUCH 210
3.2
7.2
10.8
9.4
12.2
12.1
12.0
11.9
12.3Aa
Note: Control, 676.5; Trolox (20 mM), 12.1.
WPI: whey protein isolate, CU: curcumin, CH: casein hydrolysate.
For treatments without or with CU significant differences within each row (lowercase) or each column (uppercase) are indicated by
different letters (P<0.05).

Table 4.6

Mean antioxidant persistence (relative light unit, RLU) of the WPI (1%), tween 20 (20% of WPI), peanut oil
(Φ=0.05), and/or casein hydrolysate (2% of WPI) formulated nano-vesicular vehicles and curcumin loaded vesicular
vehicles that were subjected to 140 and 210 MPa of homogenization (single pass) over 28 days of storage.

Without
CU

Treatment
WPI
WPI
WPICH
WPICH

Pressure
(MPa)
140
210
140
210

Day 0

Day 2

Day 4

Day 8

Day 12

Day 16

Day 20

Day 24

Day 28

61.1ABb
57.3Bb
65.8Aa
54.9B

54.7Bb
56.0Bb
69.5Aa
61.7AB

76.7Aa
67.8Ba
66.4BCa
59.7C

60.3Ab
64.7Aa
47.9Bc
58.7A

62.0Ab
52.2Bc
50.0Ab
60.0AB

55.7ABb
48.6Bc
52.6ABbc
60.0A

55.2ABb
49.8Bc
52.5Bbc
61.0A

55.4ABb
49.8Bc
52.6Bbc
62.0A

55.7ABb
49.9Bc
53.1ABbc
61.0A

With CU

WPICU
140
3.4d
3.5Bd
9.0Ab
10.8Aa
7.1Cc
7.8Bc
7.7Bc
7.9ABbc
7.9bc
WPICU
210
2.6c
2.8Bc
6.0Bb
8.1Ba
7.1Ca
7.2Ba
7.3Ba
7.3Ba
7.4a
e
Ad
Aa
Cc
Ba
Ab
ABb
Bbc
WPICUCH 140
2.9
4.6
9.8
6.3
10.8
8.3
8.1
7.2
7.5b
WPICUCH 210
2.9e
5.6Ad
8.7Abc
9.8Ab
13.9Aa
9.0Ab
9.1Ab
8.9Ab
7.8c
Note: Control, 1024.9; Trolox (20 mM), 13.7.
WPI: whey protein isolate, CU: curcumin, CH: casein hydrolysate.
For treatments without or with CU significant differences within each row (lowercase) or each column (uppercase) are indicated by
different letters (P<0.05).
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CHAPTER V
PHYSICO-CHEMICAL PROPERTIES, ANTIOXIDANT EFFICACY AND
STABILITY OF CURCUMIN-LOADED WHEY PROTEIN ISOLATE BASED NANOVESICULAR VEHICLE, AS AFFECTED BY ULTRA-HIGH PRESSURE
HOMOGENIZATION AND UV RADIATION
5.1

Abstract
The effect of ultraviolet (UV) radiation (254 nm) and ultra-high pressure

homogenization (UHPH) on the antioxidant efficacy of curcumin and the stability of
nanoemulsion systems was investigated. A nano vesicular vehicle (NNV) was generated
using ultra-high pressure homogenization (UHPH) that were stabilized using a ternary
system that consisted of whey protein isolate (WPI) (1%, w/v), Tween 20 (20% of WPI,
w/w) and casein hydrolysate (CH)(2% of WPI, w/w). The continuous phase was 200 mM
phosphate buffer (pH 8.8), and the dispersed phase was peanut oil (5 % of the continuous
phase) that contained curcumin (CU) (0.22%, w/v). Coarse emulsions were prepared by
blending for 3 min and prior to UV radiation (0-60 min), followed by a single-pass of
UHPH at 140 and 210 MPa. The UHPH treated CU-NVV had greater (P<0.05) short and
long term antioxidant properties [antioxidant activity (AA) and persistence (AP),
respectively] throughout the study, as determined by their efficacy to quench peroxyl and
alkoxyl radicals in vitro. After28 d of storage, the CU-NVV treated at 210 MPa retained
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7.0 and 1.4% greater AA and AP, respectively, when compared to the unpressurized CUNVV. AA and AP were also augmented by approximately 4000 and 9000% when
compared to the control (buffer alone). CU-NVV that was subjected to 15 min of UV
exposure at a UHPH of 210 MPa was enhanced by 66 and 73% with respect to AA and
AP, when compared to the CU-NVV without UV exposure. The same trend was not
evident for zeta potential and surface energy. After 28 d of storage, the 210 MPa and 60
min UV treatment and the 140 MPa with 30 and 60 min UV treatment had the best
emulsion stability in terms of zeta potential. At the end of the study, the best surface
energy was seen for 210 MPa with the 15 min UV radiation treatment. However, based
on zeta potential and emulsion size, the only stable emulsion treatments included the 140
MPa and 210 MPa treatments that were exposed to 30 and 60 min UV.
Key Words: sweet whey, nanoemulsion, UV radiation, free radical
5.2

Introduction
Curcumin (CU) is a natural polyphenolic compound that is extracted from the

rhizome of Curcuma longa Linn (turmeric). It is a popular condiment in India and is used
as herbal medicine in Asian countries (Abo-Salem et al., 2014). Biomedical studies have
indicated that CU is a chemotherapeutic agent that has anti-inflammatory,
anticarcinogenic, and antibacterial effects (Perry et al., 2010; Huang et al., 2003;
Tonnesen et al., 1987; Rai et al., 2008; Jazayeri et al., 2009; Haukvik et al., 2009;
Haukvik et al., 2010, Haukvik et al., 2011). These studies were predominantly on cellular
and mice studies but there are some nutritional studies also. Though CU is unstable at a
physiological pH, it becomes nucleophilic and more stable at pH > 8 as it undergoes keto69

enol tautomerization that is enhanced by exposure to UV radiation (Adhikary et al.,
2009). CU is highly sensitive to light exposure and rapidly decolorizes upon exposure to
UV light (Tonnesen et al., 1986; Khurana& Ho, 1988). Maintenance of CU stability is
dependent on its physiological activity. In acidic and neutral solutions (pH 2.5-7.5) CU
has a bright yellow color but turns red at a pH< 7.45 (Price and Buescher, 1997). The
degradation of CU is rapid at neutral and basic pHs. However, under acidic conditions,
CU degradation is remarkably slow (Sharma et al., 2005). Tonnesen et al., (1987)
evaluated the kinetic behavior of CU degradation at different pHs. At pHs below 7, the
half-life of CU was approximately 6.6 × 103 . At acidic and neutral pH, CU exists in its
neutral form (H3 A). The conjugated diene structure of CU in an acidic solution is
gradually broken down as the proton is removed during tautomeric shifting of the
phenolic group. It has been postulated that three forms of CU exist in equilibrium at a pH
of 7.0. Therefore, a high pH treatment (above 7.0) of UVC generates an excited state and
intra-molecular hydrogen transfer.
Whey protein has been used in monodispersed O/W nano emulsions that have
been stabilized by ultra-high pressure homogenization (UHPH) in the presence of small
amphiphiles to deliver nutraceuticals at effective and stable doses (Zhang and Haque,
2015). Stabilized nanoemulsions have been made with WPI, Tween 20 and casein
hydrolysate to deliver CU.
It is hypothesized that UV induced hyper-reactivity of CU will enhance stability
through molecular interactions with protein side-chain residues. The objective of this
study was to investigate the effect of UV exposure and ultra-high pressure
70

homogenization on CU stability, antioxidant activity, and antioxidant persistence in an
O/W nanoemulsion that is stabilized with whey proteins and CH.
5.3
5.3.1

Materials and Methods
Materials
Whey protein isolate (WPI; Provon®292, Lot# 0855701) was provided by Glanbia

Nutritionals, Fitchburg WI). Peanut oil (Fresh salad oil, Great Value, Wal Mart, Benton,
AR) was the dispersed phase. Curcumin (CU), (±)-6-Hydroxy-2,5,7,8tetramethylchromane-2-carboxylic acid (Trolox), the antioxidant standard Tween 20
(Polysorbate 20), ABAP (2,2’-Azobis(2-methylpropionamidine) dihydrochloride),
chymotrypsin were acquired from Sigma-Aldrich (St. Louis, MO).
5.3.2

Emulsion preparation
Whey protein isolate (WPI)(1%, w/v), Tween20 (20% w/v of WPI) and CU

(0.22%, w/v) were gently stirred into the continuous phase that consisted of 200 mM
potassium phosphate buffer (pH 8.8)for 3 h at 22°C.The reaction was stopped by adding
1N HCl and adjusting the pH to 5.6. The dispersed phase peanut oil (5% of continuous
phase, v/v) was then introduced into the continuous phase. A coarse emulsion was
prepared by blending ( in low speed) the incubated mixture (Oster Classic series blender
with crush pro 4 blade, Target Inc., Minneapolis, MN 55440) for 3 min on low speed.
After blending, the mixture was exposed to a single pass of UHPH (5-10 sec) at 0, 140 or
210 MPa and 22°C to generate the CU-cargo loaded nano-vesicular vehicle (NVV). The
dispersions (200 ml) were then transferred to UVC light (254 nm) in 200 ml flat
bottomed glass jar of 157 sq cm. for either 0, 15, 30 or 60 min of UV treatment.
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Antioxidant properties (antioxidant activity and antioxidant persistence) of the NVV were
analyzed along with emulsion stability (zeta-potential, contact angle, surface energy and
particle size distribution) and compared to unpressurized CU containing emulsions after 0
and 28 d of storage (4°C). As CH was present in the emulsion we have kept all the
samples in 40 C and samples were evaluated based on off odor and since no off odor was
present , we assumed there was no microbial growth.
5.3.3

Total radical trapping potential (TRAP) assay
The TRAP values for the test samples were compared to a control and determined

according to Lissi et al. (1995), as modified by Haque et al., (2013). Peroxyl radicals
were generated in vitro by pyrolysis of ABAP (2,2′-Azobis[2-methylpropionamidine]
dihydrochloride) and unquenched radicals were detected by chemiluminescence (CL) of
luminal that was added to the reaction mixture. The acquired CL were detected as
relative light units (RLU) using a FlexStation 3 microplate reader that was equipped with
SoftMax® Pro Microplate Data Acquisition & Analysis Software (Molecular Devices,
CA). Results for AA were tabulated through 1 h of radical generation and quenching. AP
values were determined by creating radical generation for an additional hour. Trolox (20
mM) was dissolved in the continuous phase buffer and used as the standard antioxidant.
Greater AA and AP are indicated by lesser RLU values.
5.3.4

Zeta-potential (ζ)
The ζ (mV) of the UV radiated NVV preparations were determined with a

Zetasizer Nano ZS-90 (Malvern Instruments, Worcestershire, UK) using a Smoluchowski
model. CU-cargo loaded nano vesicular vehicle preparations were subjected to a 10-fold
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dilution with water and mixing before data acquisition to account for multiple light
scattering effects.
5.3.5

Dispersed phase surface mean globule diameter (dVS )
The dVS of the NVV preparations was measured using a S3500 Bluewave Multi-

Laser Particle Size Wet/Dry Analyzer (Microtrac, Dallas, TX, USA) based on the
following equation:

V
∑ Vi/ ∑ ( i ) ,
dI
where, Vi represents the volume of globules in a size class of average diameter di.
5.3.6

Surface energy (SE)
The SE values of CU-loaded NVV were determined using a Goniometer/

Tensiometer model 260 (Ramé-Hart Instrument Co., Succasunna, NJ, US), equipped with
the DROPimage Advanced software tool for image acquisition and analyses. SE values
were calculated based on Young’s equation using the ‘Surface Energy’ tool of the
software program.
5.3.7

Statistical analysis
A 3 × 5 factorial structure with pressure (0, 140, 210 MPa) and UV exposure time

(0, 15, 30, and 60 min) were used to evaluate the impact of pressure and UV light
duration (P<0.05) on the emulsion stability (n=3), antioxidant activity (n=5), and
antioxidant persistence (n=5) of nanoemulsions carrying curcumin. All data analysis was
performed using (SAS 9.3, Cary, NC). When differences occurred among main or
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interaction effects (P<0.05), Tukey’s honestly significant difference test was used to
separate treatment means (P<0.05).
5.4
5.4.1

Results and Discussion
Antioxidant activity and antioxidant persistence
UHPH and UV light did not impact (P>0.05) antioxidant activity (AA) or

antioxidant persistence (AP) after 0 d of storage (Figures 5.2A and 5.3A). However, after
28 d of storage, both high pressure and UV lighting impacted (P<0.05) AA and AP
(Figures 5.2B and 5.3B). When averaged over UV radiation, UHPH at 140 MPa and 210
MPa had greater (P<0.05) AA than 0 UHP; all treatments had greater AA than the
positive control Trolox (20 mM) of RLU 12.1after 0 day of storage and were similar to
AA values for Trolox after 28 d of storage (Figures 5.2 A and B). When averaged over
UV radiation time, all pressure treatments (0, 140, 210 MPa) had greater AP than Trolox
(13.7). All pressure treatments had similar (P>0.05) AP after 0 day of storage. However,
the 140 and 210 MPa treatments had greater (P<0.05) AP than the 0 MPa treatments after
28 d of storage (Figures 5.3 A and B). On average, the UV treatment for 15 min had
greater AA and AP after 28 d of storage than all other UV treatments. In addition, the 60
min treatment had greater AA and AP than the 0 min and 30 min treatments, and the AA
and AP of the 0 min treatments were greater than emulsions that were exposed to 30 min
of UV. The 15 min UV treatment also had a greater AA than Trolox, while UV
treatments had greater AP than Trolox. When means were separated for pressure and
treatment combinations after 28 d of storage, the 140 and 210 MPa treatments that were
exposed to 15 min of UV had greater AA than all other treatments with the exception of
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the 210 MPa treatment with 60 min UV exposure. These three treatments had greater AA
than any of 0 and 30 min UV treatments. The AP was greatest (P<0.05) for the 15 min
UV treatment at 140 and 210 MPa in comparison to all other treatments, with the
exception of the 60 min UV and 140 or 210 MPa treatments and the 15 min UV and 0
MPa treatments. This demonstrates that 15 min of UV is the amount of time that
maximized AP. Further research could be conducted to determine the amount of time
between 15 to 30 min to optimize AP. In addition, AP increases as UHPH pressure
increases as well within each of the 0, 15, and 60 min UV treatments, which also
indicates the importance of using pressure to maximize persistence within each UV
treatment. Exposure to UV augmented the AA and AP of CU-NVV samples when
compared to the buffer alone (Figures 5.2 and 5.3). After 15 min of exposure, AA and AP
were 4000 and 9000 % greater than the control values of 677 for AA and 1025 for AP,
respectively. The optimum augmentations were achieved in CU-NVV subjected to 15
min of UV exposure and UHPH of 210 MPa. AA and AP were enhanced by 66 and 73%
relative to the CU-NVV that was not exposed to UV after 28 d of storage, all other
conditions being the same. Microparticulation also significantly augmented antioxidant
stability of CU-loaded nano-vesicular systems. The data indicates that UV radiation may
induce the transfer of excited-state intra-molecular hydrogen atoms in CU and potentially
cause a keto-enol tautomeric shift, which would enhance and maintain both the short term
and long term antioxidant efficacy of CU-NVV. Similar results have been seen in UV
exposed mango juice (Santhirasegaram et al., 2015). In their study, UVC exposure not
only augmented antioxidant capacity of mango polyphenols, it also increased polyphenol
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extraction. Curcumin is photosensitive and UV radiation can potentially degrade
curcumin into different bioactive components (ferulic acid, vanillin, furfuroyl acid, etc.).
Further GC or HPLC studies are needed to identify the compounds that are present after
UV radiation (Mohanty et al., 2012) to verify that the keto-enol tautomeric shift occurred.
5.4.2

Zeta Potential ( ζ)
Greater zeta-values indicate greater repulsive forces between dispersed particles,

which improves emulsion stability (Muller 1996). When averaged over UV treatment
time, the 140 MPa treatment had greater (P<0.05) zeta potential at d 0 and 28than the 210
MPa treatment and the 0 MPa treatment, with the 210 MPa treatment greater (P<0.05)
than the 0 MPa treatment (Figure 5.4). This indicates that use of pressure increased zeta
potential and emulsion stability when compared to treatments that were not exposed to
pressure. The 28 d storage results were also closer together numerically than the 0 d
results. When averaged over pressure, the 60 min UV treatments had the greatest zeta
potential (P<0.05) after both 0 and 28 d of storage, with values over 30 mV, indicating a
stable emulsion. In addition, the 15 min UV treatment had less (P<0.05) zeta potential
than other UV times. When means were separated for pressure and UV time
combinations, all 0 MPa treatments were unable to form stable emulsions, as
demonstrated by their zeta potentials of less than 20. All 0 MPa and all 15 min UV
treatments had smaller zeta potentials (P<0.05) than the 30 and 60 min UV treatments
that had been exposed to either 140 or 210 MPa (Figure 5.4). In addition, there were no
differences (P>0.05) in zeta potential between the 140 MPa treatments at 30 and 60 min
UV and the 210 MPa treatment with 60 min UV exposure. These three treatments all had
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stable emulsions, as indicated by zeta potentials that were greater than 30. After 28 d of
storage, zeta potential indicated that the most stable emulsion (P<0.05) was the 140 UHP
and 60 MPa treatment, which had a greater zeta potential than all other treatments (Figure
5.4B). The other 2 stable emulsions that were produced were the 210 MPa treatments at
30 and 60 min UV, with zeta potential values greater than 30, which were greater than all
other treatments with the exception of 140 MPa and 60 min UV. The combination of 15
min UV with 210 MPa and 140 MPa had zeta potentials of 20.6 and 25.5, respectively,
which were lower than any other treatments exposed to pressure. This indicates that
though the 15 min UV treatment at 210 MPA had the greatest AA and AP, it had the least
zeta potential, with values that indicate that the emulsion is undergoing aggregation.
Increases in absolute ζ values with increased UHPH likely resulted from an increase in
surface charge of the suspended particles before the UV treatment which in turn added to
the inter-particle repulsion, leading to disruption of protein aggregation (Song et al.,
2013).UV radiation may have induced excited-state intra-molecular hydrogen atom
transfer in CU that resulted in a keto-enol tautomeric shift. This may have led to changes
in protein conformation of WPI that enhanced the zeta potential of the emulsion system.
In a previous study, UVC treatment for 15 min resulted in reduced intensities of all three
protein (Casein, β-lactoglobulin and α-lactalbumin) bands in SDS-PAGE gel and 27.7%
reduction for whey fractions (Tammineedi et al., 2013). Changes in tertiary structure of
protein were confirmed by Kristo et al. (2012). The increased concentration of total thiol
and accessible thiol groups was confirmed in the same study. Size exclusion
chromatography confirmed the formation of protein aggregates and oxidation products
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(N-formylkyneurenine and dityrosine) from aromatic amino acids due to UV radiation
(Kristo et al., 2012). High pressure homogenization dissociates protein aggregates,
which leads to the unmasking of the hydrophobic side chains (Bouaouina et al., 2006).
Interactions between these groups may enhance the zeta potential of 210 MPa pressurized
samples. In addition, UV treatment likely increased the number of thiol groups, which led
to the increased zeta potential of the high pressurized samples with 60 min UV treatment
as compared to the 15 and 30 min treatments.
Curcumin has long been used as a UV protector in skin care cream (Phan et al.,
200 ). The free radicals produced by UV are quenched by curcumin, which protects the
skin. In food systems, photosensitive curcumin undergoes similar molecular changes
when exposed to UV radiation. The molecular interaction of this change has not yet been
elucidated. However, this may have occurred due to steric repulsion that was produced
from a tautomeric shift and the decomposition of CU (Lee et al., 2013), which would
cause an increase in positive and negative ion concentrations. Further studies are needed
using steady state fluorescence and time correlated single proton counting measurements
to evaluate this particular mechanism (Nardo et al., 2017).
5.4.3

Mean surface globular distribution (dvs )
The desired mean surface globular distribution is in the nano range (< 500 nm).

When averaged over UV treatment time, the 210 MPa treatment had the lowest dvs
(P<0.05) in comparison to the 0 and 140 MPa treatments, and the 140 MPa treatment had
a smaller dvs than the 0 MPa treatment after 0 d of storage (Figure 5.5A). However, by 28
d of storage, the dvs was less in the 140 MPa treatments than the control and 210 MPa
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treatments (Figure 5.5B). Data indicate that emulsions were most stable in the 210 MPa
treatments at d 0 but in the 140 MPa treatments at d 28. When averaged over pressure,
the 30 min UV treatment had the lowest dvs (P<0.05), followed by the 60 min, 15 min and
0 min treatments after 0 d of storage (Figure 5.5A). After 28 d of storage, the 0 and 15
min UV treatments had lesser dvs values than the 30 and 60 min UV treatments (Figure
5.5B). When the combined pressure × UV time treatment means were separated at 0 d of
storage, the 140 MPa treatments at both 30 and 60 min UV and the 210 MPa treatments
at 30 and 60 min UV had smaller dvs values than all other treatments. In addition, these
values were less than 0.14 μm, which indicated stable nanoemulsions. This is in contrast
to other treatments, which had dvs values greater than 1.8 μm. After 28 d of storage, all
treatments with the exception of the 0 MPa and 30 min UV treatment, and the 140 and
210 MPa treatments at 60 min UV had dvs values less than 0.5, indicating that the
treatments were nanoemulsions. When zeta potential and d vs are considered together, it
appears that the 210 MPa treatment with 30 min UV would be the best conditions since it
is a stable nanoemulsion with a small d vs. Decrease in protein solubility has been
observed in UV radiated WPI protein in buffer systems, with increasing radiation dose
leading to increased molecular reactions and disruption of disulfide and non-covalent
bonds (Schmid et al., 2015). UV radiation exposure on WPI based film caused swelling,
which increased cross-linking and cross-linking density. Protein conformation changes
(protein folding) have been observed in previous studies when β-lactoglobulin A, one of
the major variants of whey protein isolate, was irradiated at 295nm. Sulfahdryl groups
that are buried in native Β-lactoglobulin are exposed after irradiation, Fourier transform
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infrared spectroscopy confirmed that irradiation caused changes to the secondary
structure and oxidation of tryptophan (Kehoe et al., 2008). When the UV radiation dosage
was increased, the tensile strength of the film also increased (Diaz et al., 2016; Diaz et
al., 2017; Schmid et al., 2017).Nardo et al. (2008) reported that photoactivation in
suitable environmental conditions excites curcumin and generates singlet oxygen. The
role of tautomerization in the excited state (by measuring fluorescence lifetimes and
quantum) can also yield compounds of different polarity and H- bonding capabilities
(Nardo et al., 2008). It is likely that UV radiation induced changes in WPI, curcumin and
CH, which contributed to changes in the mean globular diameter of the particle.
5.4.4

Surface energy (SE)
After 0 and 28 d of storage, the 210 MPa treatment had the greatest SE (P<0.05),

followed by the 140 and 0 MPa treatments when averaged over UV treatment time
(Figures 5.6A and B). However, mean values ranged between 58.8 and 60.3 mJ/m2 on d0
and 57.8 and 60.5 mJ/m2 on d28, which indicates emulsion stability (Figure 5.6B). When
averaged over pressure, the 30 min treatment had a greater SE (P<0.05) than all other UV
treatments at both d0 and d28 of storage. In addition, the 0 and 15 min treatments had a
greater SE than the 60 min UV treatment at both of these storage times, with mean values
ranging from 58.0 to 60.3 mJ/m2 . When means were separated for pressure and UV
treatment combinations, all UV treatments that were combined with 210 MPa had greater
SEs than the 0 and 140 MPa treatments with both 15 min and 60 min UV exposure and
the 0 MPa treatment with 0 and 60 min UV exposure (Figure 5.6A). After 28 d of
storage, the 210 MPa and 15 min UV treatment had a greater SE (P<0.05) than all other
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treatments (Figure 5.6B). In addition, all 0 MPa treatments with the exception of the 30
min UV treatment had less SE than all other treatments but the 140 MPa treatment with
60 min UV exposure.
5.5

Conclusions

The study indicated an increased antioxidant activity and persistence of NVV containing
CU after 15 min of treatment with UV and UHPH of 210 MPa, which is evident from the
augmentation of surface energy and absolute ζ potential at 0 d. However, the same
treatment had the least zeta potential after 28 d of storage, which indicates poor emulsion
stability. Based on zeta potential (> 30 mV), only 3 treatments were stable emulsions.
The most stable emulsion was 140 MPa at 60 min of UV treatment. The other two
treatments of 30 and 60 min UV exposure at 210 MPa also had stable emulsions, as
indicated by zeta potential. The CU-NVV subjected to 15 min of UV exposure and
UHPH of 210 MPa had the greatest AA and AP after 28 d of storage. The AA and AP of
the most stable emulsions (140, 210 MPa UHPH at 30 and 60 min exposure) after 28 d of
storage showed greater AA and AP than the standard antioxidant Trolox. However, the
140 MPa at 30 min UV and 210 MPa at 30 and 60 min of UV treatments are still the
optimum treatments since they were stable with good AA and AP. More systematic
studies are needed to enhance the quality and storage stability of nanoemulsions that
carry hydrophobic nutraceuticals to elucidate the mechanisms behind stability and
antioxidant activity and persistence. In addition, such emulsions need to be evaluated in
food systems such as beverages to evaluate their real world applicability.
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Enol form of Curcumin
Figure 5.1

Keto- form of curcumin

Keto and enol forms of curcumin
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Figure 5.2

Mean antioxidant activity of the WPI (1%), tween 20 (20% of WPI),
peanut oil (Φ=0.05), and curcumin cargo based emulsion exposed to UV
radiation (0-60 min) that was subjected to the ultra-high pressure
homogenization(UHPH) of 0, 140, and 210 MPa at day 1 (A) and day 28
(B).Trolox was the standard antioxidant (20 mM) with a RLU value of
12.1;and the buffer control had a RLU value of 676.5.Significant
differences between different UV radiation time treatments within each
pressure (uppercase) or between different pressure treatments within each
UV radiation time (lowercase) are indicated by different letters (P<0.05).
Data are presented as the mean ± standard deviation.
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Figure 5.3

Mean antioxidant persistence of the WPI (1%), tween 20 (20% of WPI),
peanut oil (Φ=0.05), and curcumin cargo based emulsion exposed to UV
radiation (0-60 min) that was subjected to the ultra-high pressure
homogenization (UHPH)of 0, 140, and 210 MPa at day 1 (A) and day 28
(B).Trolox was the standard antioxidant (20 mM) with a RLU value of
13.7; and the buffer control had a RLU value of1025. Significant
differences between different UV radiation time treatments within each
pressure (uppercase) are indicated by different letters (P<0.05). Data are
presented as the mean ± standard deviation.
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Figure 5.4

Mean absolute zeta potential of the WPI (1%), tween 20 (20% of WPI),
peanut oil (Φ=0.05), and curcumin cargo based emulsion exposed to UV
radiation (0-60 min) that was subjected to the ultra-high pressure
homogenization(UHPH) of 0, 140, and 210 MPa at day 1 (A) and day 28
(B).Significant differences between different UV radiation time treatments
within each pressure (uppercase) or between different pressure treatments
within each UV radiation time (lowercase) are indicated by different letters
(P<0.05). Data are presented as the mean ± standard deviation.
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Figure 5.5

Mean globular diameter of the WPI (1%), tween 20 (20% of WPI), peanut
oil (Φ=0.05), and curcumin cargo based emulsion exposed to UV radiation
(0-60 min) that was subjected to the ultra-high pressure
homogenization(UHPH) of 0, 140, and 210 MPa at day 1 (A) and day 28
(B).Significant differences between different UV radiation time treatments
within each pressure (uppercase) or between different pressure treatments
within each UV radiation time (lowercase) are indicated by different letters
(P<0.05). Data are presented as the mean ± standard deviation.
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Figure 5.6

Mean surface energy of the WPI (1%), tween 20 (20% of WPI), peanut oil
(Φ=0.05), and curcumin cargo based emulsion exposed to UV radiation (060 min) that was subjected to the ultra-high pressure
homogenization(UHPH) of 0, 140, and 210 MPa at day 1 (A) and day 28
(B).Significant differences between different UV radiation time treatments
within each pressure (uppercase) or between different pressure treatments
within each UV radiation time (lowercase) are indicated by different letters
(P<0.05). Data are presented as the mean ± standard deviation.
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INDEX OF ABBREVIATIONS:
µm: micrometer
AA: Antioxidant Activity
AP: Antioxidant Persistence
CA: Contact Angle
CH: Casein Hydrolysate
Ch: Chitosan
CU: Curcumin
d: Day
mJ: Millijoule
MPa: Megapascal
mV: Millivolt
nm: Nanometer
NVV: Nano Vesicular Vehicle
RLU: Relative Light Unit
SE: Surface Energy
TRAP: Total Radical Trapping Potential
UHPH: Ultra High Pressure Homogenization
UV: Ultraviolet
WPI : Whey Protein Isolate
ζ : Zeta Potential
GRAS: Generally Recognized as Safe
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